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FOREWORD

The growing interest in the use of columbium, molybdenum, tantalum, and tungs-

ten metals and their alloys for structural applications has emphasized the need for an up-

to-date review of some of the more important physical, mechanical, and metallurgical

properties of these materials. Four consecutively numbered reports covering colum-

bium and columbium alloys, molybdenum and molybdenum alloys, tantalum and tantalum
alloys, and tungsten and tungsten alloys have been prepared. The intent of these repnrts

has been to assemble, present, and summarize, in easy reference form, the engineering-
property data of these four refractory metals and alloys. 'This report covers columbiumi

and columbium alloys.

In addition to data available from the published literature, numerous organizations

have contributed data for inclusion in this report. The Defense Metals Information
Center gratefully acknowledges the assistance of the following individuals and organiza-
tions who contributed valuable information used in the preparation of this report.

G. D. McArdle and F. Nair, Climax Molybdenum Company

H. Peters, E. I. du Pont de Nemours Company, Inc.
R. L. Wilkey, Fansteel Metallurgical Corporation

R. Bancroft and M. Schussler, Haynes Stellite Company

R. W. Werner, Lawrence Radiation Laboratory
G. P. Trost, Metals and Controls, Inc.

I1. Torti, National Research Corporation
W. Bauer, Stauffer Metals Company

R. B. Bargainnier, Sylvania Electric Products, Inc.
C. Mueller and G. A. Liadis, Universal Cyclops Steel Corporation

S. A. Worcester, Wah Chang Corporation
R. L. Ammon, R. T. Begley, and H. G. Sell, Westinghouse Electric

Corporation
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THE ENGINEERING PROPERTIES OF
COLUMBIUM AND COLUMBIUM ALLOYS

SUMMARY

This report presents the results of a state-of.-the-art survey covering columbium-
and 18 of its most promising alloys. All data are given in tabular and graphical form
covering some of the more important physical, mechanical, and metallurgical proper-
ties for each material. References are given at the conclusion of each material section.



3

INTRODUCTION

The requirements for structural materials for service temperatures in excess of
those attainable with present materials of construction has provided the stimulus for the
development of refractory metals and alloys. Interest has stemmed largely from the
high-temperature structural-enginee ring requirements associated with military hard-
ware. in the development of the refractory metals columbium, molybdenum, tantalum,
and tungsten and their alloys, extensive studies have been conducted and are in progress
which are aimed toward the investigation of fundamental metallurgical concepts, alloy
development, pilot scale-up development of promising compositions, and, ultimately,
alloy commercialization.

This report reviews some of the more important properties of columbium and 18 of
its alloys. Of this group of alloys, several have not reached true commercial status;
however the potential of these advanced experimental and pilot-production alloys warrants
consideration. All data are presented in tabular and graphical form according to a
number of important physical, mechanical, and metallurgical properties for calumbium
and each of its 18 alloys. Properties and alloys covered in this report are listed in
Table 1.

Linteniive laboraLory studies on coiumbium alloys over the past decade have re-
sulted in the continual evaluation of pilot quantities of a large number of promising
alloys. The present trend of alloy development is directed toward refinement rather
than toward new basic compositions. A significant amount of work is being conducted
in the area of fabrication, solution treating, and aging.

In preparing this state-of-the-art survey, technical journals and publications,
research reports, and trade literature made available to the Defense Metals Information
Center were supplemented with personal contacts with a number of individuals and
organizations actively engaged in the refractory-metals field. References are given at
the conclusion of each material section.
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ORGANIZATION OF DATA PRESENTED IN THE APPENDIX

I. Identification of Material

Designation

Chemical composition
Forms available

2. Physical Properties

Melting point
Density
Thermal expansion
Thermal conductivity
Electrical resistivity

3. Mechanical Properties

Tensile Properties at Room Temperature

Ultimate tensile strength
Tensile yield strength
Elongation
Reduction in area
Modulus of elasticity

Effect of Temperature on Tensile Properties

Ultimate tensile strength
Tensile yield strength
Elongation
Reduction in area
Modulus of elasticity

Notched Tensile Properties

Creep and Stress-Rupture Properties

Other Selected Mechanical Properties

4. Metallurgical Properties

Fabricability
Transition temperature
We ldability
Stress-relief temperature
Recrystallization temperature

References
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APPENDIX

COLUMBIUM AND ITS ALLOYS

fir-,inurnd Conhbrn

Identification of Material

a. Designation: many, depending upon individual supplier

b. Chemical composition: TablesA-I and A-2

c. Forms available: ingot, strip, sheet, foil, plate, bar, rod, wire, and tube(l-4)
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TABLE A-1. CHEMICAL REQUIREMENTS FOR COLUMBIUM PRODUCED BY FUSION,

POWDER METALLURGY, OR OTHER SUITABLE MEANS TO PRODUCE
CONSOLIDATED METAL FOR PROCESSING TO VARIOUS BASIC

SHAPES(a)(1-4)

Content, Maximum, ppm
Element Reactor G rade Commercial Grade

C 100 ' 500

N 300 8 400

VI 20 50O'., 300 [/BOO

Z4r IWO 100oo

Fe 00500
Ta 1000 2000

Ti 5o00 500

Si - A300 500

B 2 --
W ,3C 600
M, 600 h00

Al 100 600
Bo I00i - -

Cd S - -

Cr 100 boo
Co 20 - -

C1l 10 -1-

Pb l 50 - -
Li 0• 10 - -

Mg b, 50 0. - -
Mn I 0O 6500

NI t 2uO bOO
Sn 200 500

V 200 500

Y 10 --

Zn 50 - -

U 2 --

Hf 100 --

Ca 100 - -

Na 100 --

Cl 300 --

Ch, by difference 99.6% min 99.2% min

(a) For ingot, strip, sheet, foil, plate, bar, rod, wire, and tube.
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TABLE A-2. REPRESENTATIVE ANALYSES OF COLUMBIUM AS PRODUCED BY POWDER METALLURGY
AND ELECTRON-BEAM PROCESSES(a)

Impurity riectron-Beam Melted
Element Powder Metallurgy(

6
) Ref. (6) Ref. (7, Ref. (8) Ref. (9)

C 50 30 <30 40 50
0 600 40 n2 160 G0

N 100 90 44 50 48

H 1 15 .... <2
AI 20 .... <20 <20

13.. <1 <1
Cd ...... <1 <5
Cr ...... <20 <20
Cu 30 - <40 <40 <40
Fc 30 -- <100 <100 <100

I-If ........ <80

Mg <10 .... <20 <20

Mi1 10 .... <20 <20
Mo 100 .... <20 <20

Ni 60 .... <20 <20
Pb ...... <20 <20

Si 100 -- <100 <100 <100

Sn ...... <20 <20

Ta -- 500 390 1800 <500

Ti 20 -1" < O150 <150
V ...... <20 <20

W .... <300 400 <300
Zn ...... <20 <20

Zr 100-6000 ...... <500
Others -- 100 <20 ....

(a) Analyses are given in parts per mi/lion.
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TABLE A-2. REPRESENTATIVE ANALYSES OF COLUMBIUM AS PRODUCED BY POWDER METALLURGY

AND ELECTRON-BEAM PROCESSES(a)

Impurity Electron-Beam Melted
Element Powder Mataliurgy() Ref. (6) Ref. (?) Ref. (8) Ref. (9)

C 50 3u <30 40 60

0 500 40 62 150 bV

N 100 90 44 .50 48

11 1 15 .<'2
AI 20 .... <20 <20

B ...... <1 <1

cd ...... << <

Cr ...... <20 <20
Cu 30 - - <40 <40 <40

Fe 30 -- <100 <100 <100
lif ..... <80

Mg <10 .... <20 <20

Mn\ 10 ... <20 <20

Mo I00 .... <20 <20

Ni 60 .... <20 <20

Pb ...... <20 <20

Si 100 - - <l3j0 <100 <100
Sit ..... <20 <20

"Ta -- 500 390 1800 <500
"Ti 20 -- - Mu <150 I "A

V ...... <20 <20

W .... <300 400 <300

Zn ...... <20 <20

Zr I 00-0000 ...... <500
Othcrs -- 100 <20 ....

(a) Analyses are given in parts per million.
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2. Physical Properties

a. Melting point: 4475 F(l0)

b. Density: 0. 310 lb/in. 3(10)

c. Thermal expansion: Table A-3 and Figure A-i

d. Thermal conductivity: Figures A-Z and A-3

e. Electrical resistivity: Figures A-4 through A-6
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TABLE A -3. THERMAL EXPANSION OF COLUMBIUIM( 1
)

Coefficient of Thermal Expansion(a)
Temperature Average(b) Instant(C)

C F 10
6

/C 10"
6
/F 10.6/C 10-

6/F

300 570 7.31 4.06 7.38 4.10
400 750 7.39 4. 10 7. 54 4.19
500 930 7. 47 4.15 7.61 4.23
600 1110 7,56 4.20 7, 87 4.37
700 1290 7.64 4.24 8.03 4.46
800 1470 7.72 4.29 8.20 4.55
900 1650 7.80 4.33 8.37 4.65

1000 1830 7.88 4.38 8.52 4.73

(a) Equation for linear thermal expansion: L Lo [1 + 6.892 x 10-6T + 8.17 x 10-10T 2
], T in deg C.

(b) Mean values between 20 C (70 F) and temperature indicated.
(c) Instantaneous values at temperature indicated.

Temperature. C

0 200 4o0 600 .800 1o00 1200 1400 1600 1800 2000 2200
24 ' I T ' I F T I F' I

C

20

10

S 16 -

o 12

l.lX
LLJ

8

I- 4

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000

Temperature, F A-45690

FIGURE A- 1. THERMAL EXPANSION OF COLUMBIUM FROM
ROOM TEMPERATURE TO 4000 F(

1 2
)
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N 0.6 -E L i

S 0.5 .

0 0,A

g0.2 99.99 % Gb

o 0.1 2

- ~0 I I iL.J IL

E 0 20 40 60 80 100

Temperature, K

FIGURE A-A. THERMAL CONDUCTIVITY OF COLUMBIUM

AT LOW TEMPERATURES(13)

Temperature, C

200 400 600 800 1000 1200 1400 1600

•- • .•'• R eference (,i..)• ''

S~Reference (14)

m

30

10

0 400 800 1200 1600 2000 2400 2800 3200

Temperature, F A. 45691

FIGURE A-3. THERMAL CONDUCTIVITY OF COLUMBIUM

FROM ROOM TEMPERATURE TO 3000 F
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E
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0 .4 . . .. .

- 0.3

a) 0.2

Uy

"0 20 40 60 80 100

Temperature, K

FIGURE A-4-. ELECTRICAL RESISTIVITY OF COLUMBIUM
AT LOW TEMPERATURES(

1 3 )

Temperoture, F

-200 200 600 1000

40240 0

E -2 200

F 28 - 0160

E 20 n20

6- 00 0

S12 so
(n -/A rDota for commrerCial-

m 8 purify columbium (11)- V

4 0 Dota for high- purityj ,
0L _ [co~lumbiurn (5),
-200 0 200 400 600

Temperature, C A_45692

FIGURE A-5. ELECTRICAL RESISTIVITY OF COLUMBIUM
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E

0 2 0 04 05 4O

FIGUR1£ A-6, E•FFECT OF OXYGEN ON THE ELECTRICAL RESISTIVITY
OF GOLUMIIIUM AT ROOM TEMPERATURF( 1(I)
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-4 and A-5
Figures A-7 through A-10

Tensile yield strength: Tables A-4 and A-5
Figure A-9

Elongation: Tables A-4 and A-5
Figures A-7 through A-10

Reduction in area: Table A-5

Modulus of elasticity: 15 x 106 psi(10)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-6
Figures A-Il through A-17

Tensile yield strength: Figure A-Il

Elongation: Table A-6
Figures A--iI and A-iZ

Reduction in area; Figure A-il

Modulus of elasticity: Table A-6
Figure A- 17

c. Notched Tensile Properties

Figures A-18 through A-25

d. Creep and Stress-Rupture Properties

Tables A-7 and A-8
Figures A-?6 through A-28

e. Other Selected Mechanical Properties

Hardness: Tables A-9 through A-l1
Figure A-29

Impact: Figures A-30 and A-31

Fatigue: Figure A-32
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TABLE A - .. TENSILE PROPERTY REQUIREMENTS FOR REACTOR
GRADE AND COMMERCIAL GRADE COLUMBIUM

PRODUCTS0a)(O -4)

Msasimririr Maximum Yield Minimuml

Tensile Strenthgl (U. 2% Elonlgation mii

Glade- 1'00 psi 1000 psi per Cont

Reactor it5 05 15

Commercial 85 15 8

(a) For strip. shreet, foil, plate, liar, rod, wire, arid tube. Properties
for srress-reliesed material (16000 F minintimu) tested at 0. 002 to
0. 011 inch pr P inch per minute through u. 6 pet cent offset,* anrd
0. 1-2 to it. 05 itch pet inch per miutte to fracture.

(b) E iraigation for tuibe producits to be in 2 inrches.

TABLE A-.5. SOME SELECTED ROOM-TEMPERATURE TENSILE PROPERTIES OF COLUMBIUM

Tensile Yield Strtengthi

Sirwthoti (0. 21', Offset). Elorngatirin, Rleduictioni ill
Coniditriot 1 r1nt psi I1000 psi per (ccit A reta, pert Celit Re ference

Anniealed slicer (I lit i,2. 0 3'. 1 i - l
2211 F, 0, 020 intctr)(3:)

sCrlnl-wisried sheen 81u-l10 -- t S--(I

Atiureuled slicr 4f,-5 -1 -4 0 -(11)

(0i. 125 minc)

Amiirca lcd si eci(i) :V,2 li (6)

Cod mlc! lcr 0.4 5 ( 18)
(9t7%. 0. 00-1' inircl)(c)

Arricalert sliree 11.9--0t (18)
(9 7k, 1/ 2 11, 2 01 1)F,

It. 004 im ih)(')

Ainnealed liar (lI In1i 28.5 45 -- (16)
SinW sFi 2 /8 in li.i)(-d)

As cxtrudeni iulsirtg (reduced (AI. 1 0 2. 2 9 -()

861- at 800 F)

Wrought marcrial(d) 85 -- .1- (10)

Annealed tnateriatf
0

) 40 30 30 80 (10)

(a ) Typical analyses (j. 00801a C. aj. 0100% N. ti. 8100% 0, anrd 0. 000.5% II.
(h) Ftenntroui-bemaic ricied. Typical analyses, 99.90/,CS!, 0. 0035% ,C. 0.00401,0, 0.0C090% N, 0.0015% I1,

0.0500% ,Ta, arnd 0.01006/istluers.

(c) 9.2% Ch.
(d1) (1. 0 1 0 to on. 02000%,i tirre rstiitl r-ourautsitrarts.
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[90 per ce• reduction n thickness -I

6 A
SO

0 20 per cent "0
o 40o

20 - j

U)

LO o 4

0 400 800 1200 1600 2000
07ZZ1

I- Hou.r Annealing Temperature, F

FIGURE A-7. ROOM-TEMPERATURE TENSILE PROPERTIES OF
COMMERCIALLY PURE ARC-CAST COLUMBIUM
AS A FUNCTION OF DEFORMATION AND ANNEAL--

ING TEMPERATURE( 1 9
)

90 c 90 p ,er cent reduction in thick'ness

80 '-I - "• -••

CL 50 per cent

0 60 -20 per cent --

o n-• " 50 "• • -

2 4 0 - 4 0 1 0•

10-7
SC )

o o
S• C- 8)

__0_ • 0 o °

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Anneoling Temperature, F A 33052

FIGURE A-8. ROOM-TEMPERATURE TENSILE PROPERTIES OF COMMERCIALLY
PURE POWDER-METALLURGY GOLUMBIUM AS A FUNCTION OF

DEFORMATION AND ANNEALING TEMPERATUREC19)
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* Longitudinal.6 ,oo;_ , -A'
8 ", \ T ...

o• 60 -- Legend

"9• Transverse0 45-

x Longitudinal

0 400 800 1200

IO0 \ Longitudinal

0

0° 8 O T__ • 1ransverse

6o

40

400 Boo 1200

30

0

60 Legen

0U Transver-se

0 aV

x Longitudinalon45/ •

0 400 800 1200

o -- - 69I

Temperature, C A-59

FIGURE A•- 9. TENSILE-PROPERTY DIRECTIONALITY OF

COLUMBIUM SHEET (0. 030 INCH)(Z0)
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140

120

100

0
0

00

4 80

u35 60

40

C ~0° •u,7 cL 0

0 0.1 0.2 0.3 0.4 0.5
A-45694

Oxygen, weight percent

FIGURE A-10. EFFECT OF OXYGEN CONTENT ON THE ROOM-
TEMPERATURE STRENGTH AND DUCTILITY OF
COMMERCIAL-PURITY COLUMBIUM(' 1 )
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TABLE A- 6. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF ANNEALED
COLUMBIUM(21)

Tensile Elongation in Modulus of

Temperature, Strength, 1.25 Inch, Elasticity.

C tsi per cent 106 psi

20 '22. 1 19.2 15.2

200 23.9 14.2 14.7

300 20.0 13.2 14.5

400 21.9 1.. fl 14.6

500 22.0 9.6 14.2

600 20.8 11.5 --

660 20.8 22.4 --

800 20.1 20.7 --

970 12.3 37.1 --

1050 7.2 42.5 --

to
8C

o Brittle (cleavage) fracture strength
01
O 60 Tensile strength

S40) - Yield strength (02% offset)

p 20

0 iedstrength (0.01% offset)-Reduction in area

Total elongation
S4Uniform elongation

0 0

O -200-100 0 100 200 300 400 500 600 700

Temperature, C A-.5695

FIGURE A-1I. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES

OF COMMERCIALLY PURE ANNEALED (Z HOURS AT 2190 F)
COLUMBIUM( 2

Z)

Test Rate: 360 per cent per hour

Analyses: 0.0114% C, 0. 012% N, 0.021% 0, <0. 10% Zr,
and 0. 338% Ta

Hardness: 110 DPH

GrainSize: ASTM I
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FIGURE A-12. TENSILE BEHAVIOR OF COLUMBIUM AT SLIGHTLY
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60

- 0 200 400 600 800 1000 1200
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FIGURE A- 13. EFFECT OF MODERATE TEMPERATURE ON THE STRENGTH

OF COMMERCIALLY PURE COLD-ROLLED (70 PER CENT)

COLUMBIUM(
7 )
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0 q- Note: Upper portion of curve1 I I characterized by high strain

50 rates and high interstitial
504 content,while lower portion

of curve is characterized by I
'• /.i/:•//// • iA•./', I•\low stra in rate s and

C)40 / //I/M1///i.F•xj/I interstitial content

0

20--

8o

0 400 800 1200 1600 2000 2400

Testing Temperature, F

FIGURE A-14. EFFECT OF TEMPERATURE ON TENSILE
STRENGTH OF COLUMBIUM(

7 )

C')
E
E 40

S20

0 1

c 0 1000 2000
I- -45696

Temperature, C

FIGURE A-IS. EFFECT OF TEMPERATURE ON THE STRENGTH OF
COLUMBIUM SHEET (0, 012 INCH)( 2 5 )
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100 - - - -5i -- -- --L 750 F /570 F oo

0
0 80--
0

S93,Fa, 6

(I)
50 - -

*5 40
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FIGURE A- 16. EFFECT OF OXYGEN ON THE TENSILE STRPENGTH OF
COLUMBIUM AT VARIOUS TEMPERATURES •3)
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)



A- 19

_ 14 thread • -DO0,o' to 0002 -- t\ 1- 4 thread-;s
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FIGURE A-18. UNNOTCHED AND NOTCHED BAR TENSILE TEST SPECIMENS USED

TO OBTAIN DATA SHOWN IN FIGURES A-19 AND A-ZO

All dimensions are in inches.
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FIGUR•J A- 19. TENSILE PROPERTIES FOR WROUGHT, STRESS- RELIEVLD,

ELL CTRON-BBEAM-MELTED COLUMBIUM BAR (I HR AT

750 C; HARDNESS 100 VHN)(
8

"

Unnotched Notched

Crosshead Speed,
in. /inin 0.02 0. 005

Impurity Weight Per Cent

C 0,004

O 0.015

N 0.005
Ta 0.180

Others <0. 10
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FIGURE A-Z0. TENSILE PROPERTIES FOR RECRYSTALLIZED,

ELECTRON-BEAM-MELTED COLUMBIUM BAR
(1/4 HRAT 1100 C; HARDNESS 64 VHN;

ASTM 5.9)(8)
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Crosshead Speed,
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Impurity Weight Per Cent
C 0.004

0 0.015
N 0.005
Ta 0. 180

Others <0. 10



A-2Z

+-20 thread 7  R.

0-125-o o±001" T
3" 5" 3 5" 3"

8 1 416 8

a. Unnotched Tensile Test Specimen

R,

7- 2 0 thread-

IHHI Do D~ I~

Finished Dimensions
8 D co = 0.180

Dr =0.125

b. Notched Tensile Test Specimen (Kf 30) RN=O.O06

A 38984

FIGURE A-?I. UNNOTCHED AND NOTCHED-BAR TENSILE TEST

SPECIMENS USED TO OBTAIN DATA SHOWN IN

FIGURES A-22 THROUGH A-25
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FIGURE A-ZZ. TENSILE PROPERTIES FOR WROUGHT AND RECRYSTALLIZED,

ELECTRON- BEAM- MELTED COLUMBIUM BAR CONTAINING
484 PPM OXYGEN AND 11 PPM HYDROGEN(

9
)

Unnotched Notched

Crosshead speed,
in. /min 0.02 0.005

Bar material 9- pprr. combined carbon and nitrogen,



A- Z4

Tempyntijr•, C Temperature, C
30 -200 -100 0 50 -200 -100 0

3-20 300

350 0 -20500

0.
20 Zo zooo o_

o 10 -
1200 1'00 -:

50 50

100 100- -

g 50 •xB~
o - 72.0 -• 75 2 V_

Z

00 r

-400 -300 -200 -100 0 100 0 -400 -300 -200 -100 0 100 200
Temperature, F Temperature, F

a. Wrought Legend b. Recrystallized A-3s990

I hr 1380 F 0 Unnotched specimens I hr 2190 F
161 VHN 0 Notched specimens (Kt =3) 152 VHN

x Notch-unnotch strength ratio ASTM 6-7
0 a Fracture at maximum load

FIGURE A-23. TENSILE PROPERTIES FOR WROUGHT AND RECRYSTALLIZED,

ELECTRON-BEAM-MELTED COLUMBIUM BAR CONTAINING

1320 PPM OXYGEN AND Zl PPM HYDROGEN(
9

)

Unnotched Notched

Crosshead Speed, 0.0Z 0.005
inch per minute

Bar material 98 ppm combined carbon and nitrogen.
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FIGURE A-Z5. TENSILE PROPERTIES FOR WROUGHT AND RECRYSTALLIZED,
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TABLE A -Iý. CREEP I'ROPERTIES OF COLUMMIUM(a)C18)

Minimum Total

Creep Duration Creep

Time Requited for S.pecified Rate. of Stra,.

Temp, Stress, Creep Strain, hours in. /in, ihr Test. per

Condition C tsi 0. 05% 0. 1% 0.2o 0. 3 0.5% 1.0% x 10"6 hours cent

Annealed 1100 C 41ý)0 4 160 800 . . .. .. 0.44 1819 0. 145

Annealed 1100 C 6 115 445 2020 .. .. .. 0.58 2700 0.224

Annealed 1100 C 8 20 120 G45 0.. . . 86 1603 0.286

Annealed 1150 C 8 22 152 608 .. .. 0.87 1536 0.289

Atineaied 1100 C 500 4 .. .. .. .. .. .. 0.62 3G2 0. 027

Aurtealed 1150 C 8 90 195 .. .. .. .. 0.53 725 0. 171

Annealed 1150 C 8 85 140 390 .. .. .. 0.24 1870 0.270

Annealed 1150 C 10 22 59 123 .. .. .. 5.3 338 0. 345

As rolled 10 -- 10 18 3b 400 1295 .... .
cu. 6%)

Annealed 1100 C 600 4 27 110 1470 .. .. .. 1.; 1325 0.34

Swagcd bar 4 50 160 860 2130 .. .. .. 85519 0.306

Annealed 1300 C 6 5 lb 305 -- 165 980 2.3 13,99 1. 18

As rolled 6 40 130 345 1160 .. ...... ..

Aenwaled 1100 C H 15 00 . .. .. .. 0.2 2117 0. 198

Swaged bar 700 1 40 V,90 1560 .. .... 2314 0.22

Swag",d hl 2 80 205 550 1495 .. .... 5008 0.36

Swaged bar 3 120 220 540 1115 .. .... 3335 0.40

Swaged bar 1000 2.8 .. .. .. .. .. 24 .. ..

Swaged bar 5, 0 24 . .. .. . .... ..

(a) 99. 92+% Ch.

TABLE A-8. CREEP AND CREEP-RUPTURE BEHAVIOR FOR, WROUGHT COLUMIBIUM(1
0
)

Stress for 10 Hr-Strtss for 100-Hr Stress for 100O-Hr Stress for

T.irsperattre, RrpttUrr in 0.05% U. 1% 0.2% 0.05% 0.1% 0.2% 0.05% 0. 1% 0. 2%

F 1 1., Psi Creep Creep Creep Rupture Creep Creep Creep Rupture Creep Creep Creep

750 -- 23, 000 40, 000 52, 000 -- 12, 000 20. 000 29, 000 -- 6,500 9,900 15, 500

930 -.- 27, 000 31, 000 33, 500 -- 17, 500 20, 000 23, 000 -- 11,500 13, 500 16, 000

1290 .. .. .. .. .. .. 2,900 3,C00 .. .. 2,400 1, 700

I G 0O 9000 .. .. .. `7900 .. .. .. 6 900 .. .. ..

1805 7000 .. .. . 6500 .. .. .. 6 100 .. .. .

2 19 0 52 0 0 . . . . . . 4 6 0 0 .. . . . . 4 00 0 .. . . . .
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0201 Recrystallized

1 1 0 100 1000

Rupture Time, hours

FIGURE A-26. STRESS-RUPTURE CHARACTERISTICS OF COLD-
WORKED AND RECRYSTALLIZED COLUMBIUM

AT 1800 F(?6)

60 - --.

409 6.4 6 .74 7~
20 85

8 1 800 F10780- 10 1IO - , IO "I O
1 10 1010

U) - _ _ _ _ _ _S----507 reduced bar
U) Bo _- Anneoled bar

60 - Numerals refer to rupture elongation, per cent
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S2000 F .4- 11-

1 0 100 I000
A-45698

Rupture Time, hours

FIGURE A-27. STRESS-RUPTURE CHARACTERISTICS OF WROUGHT

AND ANNEALED COMMERCIAL PURITY COLUMBIUM
AT 1800 AND 2000 F (27)
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FIGURE A- 28. RUPTURE CURVES FOR COMMERCIALLY PURE

RECRYSTALLIZED COILtMBIUM
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TABLE A -. , HARDNESS VARIATION WITH COLD REDUCTION FOR COMMERCIAL

POWDER-METALLURGY COLUMBIUM(
2 1

)

R o.d.u.c.... .IIII Ct. VW IN

Area. Perpendicular to Parallel to

per ccnt Rolling Direction Rolling Ditection

0 84 84
10 104 1u4
20 119 114

30 129 119
•10 13'? 123
50 143 128
60 118 133

TABLE A-IJ. I IARI)NESS VARIATION WITHt COLW) REDUCTION FOR COII1MBIUM(r)

Ie tlIUrtiolr LV

Cold rollirn, IHIardness. VIIN
per icit Powdur Metaliurgy Electrol-Recam Miclied

0 95 54
20 14d 91
40 151 112
G0 1Il. (30
80 167 14.

90 179 154

TABLE A-li. 1OT IHARDNESS OF COMNIFRCIAL POWI)ER-METALLURCY

COLUMBIUMUl(i)

Tcinperattire. C 2t1 41M 1,0 800 10C20 1200)

Hlardnress, kp/nilt2 89 82 73 37 29 21
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FIGURE A-1,,, EFFECT OF OXYGEN CONTENT ON THE HARDNESS
OF COMMERCIAL-PURITY COLUMBIUM( 1 1)
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FIGURE A-30. EFFECT OF OXYGEN CONTENT ON THE IMPACT PROPERTIES

OF WROUGHT ELECTRON- BEAM-MELTED COLUMBIUM(
3 1

)

Starting material contained 98 ppm combined carbon and nitrogen.

0 1= / -.
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FIGURE A- 31. IMPACT PROPERTIES OF AONEALED POWDER-METALLURGY

COLUMBIUM CONTAINING 140 PPM OXYGEN(
2 9 )
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FIGURE A-32. FATIGUE CHARACTERISTICS OF COLD-WORKED
AND ANNEALED POWDER -METALLURGY

COLUMBIUM(' 5)
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4. Metallurgical Properties

a. Fabricability: possesses excellent room temperature fabrication characteristics

which are amenable to all conventional fabrication practices and

can be fabricated to large reductions (>95 per cent) without the

need for process annealing(30)

I. Transition temperature: <-320 F:8,'

c. Weldability: processes capable of excluding interstitial contaminants from the

hot zone are readily adaptable to welding columbiumn(10); weld

properties are essentially the same as those of the base metal(
6

)

d. Stress-relief temperature: 1 hour 1380 p(
8

)

1 hour 1600 F( 2 - 4 )

10 to 15 minutes at 1700 to 1800 F(
6 )

e. Recrystallization temperature: 1 hour at Z100 F(
6 )

I hour at Z200 F(16)

Figures A-33 and A-34
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100,o .... oo

Per cent recrystallization
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to Y T, .I. 40
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Temperature, C A -33776

YIGURE A- 3 1. ANNEALING CURVE FOlR LJEC''RON-BEAM-MELTED

GOTIUMBIUM BAR (8)

1/4 hour at temp,.-rature, furnace cooled.

Electron-be;am-noelted ingot press forged and swaged at
1110 1- followed by swaging at room temperature. Total

reduction 89 per cent.

Impurity Weight Per Cent
C 0. 004
0 0.015
N 0,005

Ta 0.180
Others <0* 10
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Gb- lZr

Identification of Material

a. Designation: many, depending upon individual supplier

b. Chemical Composition: Tables A- 1Z through A- 14

c. Forms available: ingot, strip, sheet, foil, plate, bar, rod, wire,

and tube(
1 -

4 )

TABLE A-12. CHEMICAL REQUIREMENTS FOR REACTOR-GRADE Cb-lZr
PRODUCED BY FUSION, POWDER METALLURGY, OR OTHER
SUITABLE MEANS TO PRODUCE CONSOLIDATED METAL

FOR PROCESSING TO VARIOUS BASIC SHAPES(a)(l-
4
)

Element Content, Maximumr, ppum

C 100

N 300
0 300

I-I 20

Zr 0.8-1.2% (range)
Fe 500

Ta 4 1000

Ti 500
Si 300

B 2
W 500

Mo 1000

Cd 5

Co C 30
Pb 50
Mn • 100

Ni a 200

V 200
Hf 100
Gb, by 98.5Wio min

difference

(a) Per ingot, strip. shect, foil, plate, bar, rod, wire, and tube.
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TABLE A- 13. CHEMICAL REQUIREMENTS FOR Cb-1Zr STARTING INGOT

AND FABRICATED SHAPES AS SUPPLIED BY WAH CHANG(
5
)

Element Content, Maximum, ppm

Cb 98.51o miin

Zr o 0.8-1.21o (range)

C • 100
N 300

0 4- 300
H 20

B 1
Cd 5
Co 30
Hf 100

Fe 500

Pb 50

MuL L 100

Mo 1000

Ni . 200
Si , 300

Ta 1 I000

Ti 500

W 200

V 200
Total rare earths 100

TABLE A- 14. CHEMICAL REQUIREMENTS FOR Cb-lZr FABRICATED
SHAPES AS SIIPPLIED BY DII PONT(6)

Content, Maximum, weight per cent

Elcment (a) (b)

Zr 0.75 mrin - 1.25 max 0.75 min - 1.25 max

0 0.0200 0.0200
H 0.0020 0.0020

N 0.0100 0.0100

C 0.0100 0.0050
Cb By d ifference By difference

(a) Sheet and strip.
(b) Plate, rectangular bar, round bar, and tube hollows.
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2. Physical Properties

a. Melting point: 4350 i,(7,8); 4375 F(
5

)

b. Density: 0. 31 lb/in. 3(7,8)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-15 through A- 18

Tensile yield strength: Tables A- 15 through A-18

Elongation; Tables A-15 through A-18

Reduction in area: Table A-16

Modulus of elasticity: 15 x 106 psi(8); 16 x 106 psi(7)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A- 19

Tensile yield strength: Table A- 19

Elongation: Table A- 19

Modulus of elasticity: average of two tests on recrystallized material(5)

Temperature, Modulus of Elasticity,
F 10 6 

psi

75 11.5

2500 2. 7
2700 2. 0
3000 0.

C. Creep and Stress-Rupture Properties

Table A-20
Figure A- 35
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d. Other Selected Mechanical Properties

Shear strength: data at room temperature and 1600 F have been determined

for fastener material(10)

Shear Strength,
Type Dianmeter. 1000 psi

Fastener inch RT 1600 F

Huck rivet 0. 125 38. 5 32. 0

43. 5 32.0

Deutsch rivet 0. 125 35.0 26.0

33.0 --

Du Pont 0. 125 27.0 13.0

explosive 26.0 13.0

Bend ductility: for sheet material bent over a 2T bend radius, 18U degrees,

at a ram speed of 13 inches per minute(5)

Beed Results(a)

Condition 75 F -i100 F

As rolled NE, NF, NF F, NF, NF

Stress relieved 1 hr 1650 V PF, NE, NE PE, NF, NE

Recrystallized 1 hr 2200 F NY, NE, NY NE, NF, NE

(a) NF = fio racture
PF = partial fracture
F = fracture.

Impact: Table A-21
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TABLE A- 15. TENSILE-PROPERTY REQUIREMENTS FOR REACTOR GRADE Cb-lZr
PRODUCTS(a)(2-

4
)

Maximum Yield

Maximum Tensile Strength (0.21 Minimum Elongation
Strength. 1000 psi Offset), 100( psi in I Inch(b), per cent

'1I 60 10

(a) For strip, sheet, foil, plate, bar, rod, wire, and tube. Properties for stress-relieved

material (1600 F minimum) tested at 0.002 to 0.005 inch per inch per minute through
0.6 per cent offset, and 0.02 to 0.05 inch per inch per minute to fracture.

(b) Elongation for tube products to be in 2 inches.

TABLE A- 16. ROOM-TEMPERATURE TENSILE PROPERTIES FOR Cb-jZr FABRICATED SHAPES IN THE RECRYSTALLIZED

CONDITION(a)(
6
)

Tensile Yield Strength
Strength, (0.270 Offset), Elongation, Reduction in

Comments 1000 psi 1000 psi per citt Area, per cent

Sheet and Strip(b)

0.000 in, to 0.020 in., 35 20 12 (2 in.)

n1in. values

Over 0.020 in. to 0.187 ii., hcid., 35 20 16(2 in.)
rinr. values

Plate and Rectangular uBar(c)

Typical average 30 15 25 (2 in. or 4D) --

Probable iniiimumn 25 12 15 (2 in. or 4D) --

Round Bat(C)

Typical average 35 20 45 (4D) 85

Probable minimum 30 16 Ii. (41) 50

(a) Test rate 0.005 + 0.002 inch per inch per minute through 0.6 per cent offset, then 0.05 A 0.02 inch per inch per minute

to failure.

(b) Typical analyses 0.75 nsin - 1.26 max %r Zr, 0,020Wo 0, 0.00
2
C% H, 0.010016 N, and 0.010016 C.

(c) Typical analyses 0.75 iain - 1.20 max lo Zr, 0.0204a 0, 0.00
2
0W if, 0.0100% N. and 0.0050c/ C.
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TABLE A-l?. SOME SELECTED ROOM-TEMPERATURE TENSILE PROPERTIES OF Cb-lZr SHEET

Tensile Yield Strength

Strength, (0.2y Offset), Elongation,

Conditio._ lsut psi 1)00 psi per cent Reference

Annealed sheet (1 hr 220o F, 50 40 12 (8)
0.040 -inch)(a)

Annealed sheet(b) 45 30 25 (7)

Recrystallized sheet(e) 48.1 35.4 15 (5)

(a) Typical analyses 116 Zr, 0.0100% C, 0.0250* 0. <0.0100]o N, and 0.0015l1 H.
(b) Electron-beam melted. Typical analyses 98.n/ Cb, 0.5-1.0%o Zr. 0.005cOo C.

0.0150•6 0, 0.01001o N, 0.0005ol H, 0.0500Co Ta, and 0.0150%Po others.

(c) Typical analyses 98.5% min Cb, 0.8-1.216 Zt, <0.0100%o C, <0.0300% N, <0.0300°] 0,

and <0.0020lo H.

TABLE A- 18. ROOM-TEMPERATURE TENSILE PROPERTIES OF Cb-lZr TUBING(*)5

Tensile Yield

Strength, Strength, Elongation in
Condition Size, inch 1000 psi 1000 psi 1 Inch, per cent

Stress relieved 1 hr 1800 F 1,103 OD x 0.052 wall 55.4 49.8 25.5
56.1 42.1 22.5

Recrystallized 1 hr 2200 F 1.50D x 0. 066 wall 35.8 26.9 30.5

35.8 23.0 33.0
40.7 24.7 44.0
40.6 23.7 40.5

0.253 OD x 0.066 wall 38.1 23.0 41.5

38.4 23.0 41.5

0.66 L0D x 0.121 wall 39.3 21.1 59.0
40.0 22.4 62.5

(a) Typical analyses 98.51o rin Cb, 0.8-1.216 Zr, <0.010016 C, <0.0300% N, <0.03
0

0%] 0, and

<0.002(P/ H.
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TABLE A- 19. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
RECRYSTALLIZED Cb- lZr(a)(5)

Tensile Yield Strength
Temperature, Strength, (0.21/o Offset), Elongation in

F 1000 psi 1o00 psi I Inch, per cent

75 48.0 37.1 15

47.5 33.7 15

2000 22.9 21.4 12

22.8 20.0 15

2500 8.65 '1.0 >50
8.11 6.24 >40

2700 b.9 4.6 >41

6.16 5.0 >40

3000 2.95 2.34 >48

3.41 2.94 >36

(a) Typical analyses 98.5_9 rain Ch, 0.8-1.2% Zr, <0.0104o C, <0.0300so N,

<0. 0300Cro 0, and <0. 0020Wo6 H.
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TABLE A-20. CREEP AND STRESS-RUPTURE DATA FOR WORKED AND ANNEALED Cb-lZr TESTED IN ARGON(5)

Primary

Stress, Creep Minimum Rupture

Cold Work, Temperature, 1000 Strain. Creep Rate. Time, Elongation. Reduction in

per cent Condition F psi per cent in. /in.Ah hours per cent Area, per cent

20 As worked 1800 15.0 2.0 2.0 x 10-3 52 26 61

40 As worked 17.5 1.0 1.2 x 10-2 10 21 77
60 As worked 17.5 7.5 4.8 x 10-3 24 18 60

20 As worked 1800 12.5 1.9 3.0 x 10-6 1 0 0 1 (a) 0.6 0.6

40 As worked 12.5 1.4 4,0 x 10-6 10 1 8 (a) 0.6 1.5

60 A, worked 12.5 1.6 1.7 x 10-
5  

10 0 0 (a) 1.2 1.6
80 As worked 12.5 3.9 2,4 x 10-5 1032(a) 1.6 1.5

20 Av worked 2000 10.0 1.5 1.4 x 10-n 143 42 61
40 As worked 10.0 2.0 5.8 x 10-

3  
33 42 74

60 As worked 10.0 9.0 8.6 x 10-
3  

27 47 77

80 As worked 10.0 3.0 7.0 x 10
5

3 30 40 71

20 Annealed(b) 1600 25.0 0.6 2.5 x 10-4 57 7 53

40 Annealed 25.0 0.9 8.0 x "0"
4  

28 6 55

95 Annealed 25.0 5.0 1.0 x 10-
3  

49 19 71

20 Annealed 1800 15.0 2.1 8.0 x 10-
4  

216 19 75
40 Annealed 15.0 0.5 1.5 x 10)-3 70 31 62

60 Annealed 15.0 2.0 2.75 x I0"' 185 15 65

80 Annealed 15.0 -- 1.1 x 10-2 14 28 77

95 Annealed 1b.0 0.5 2.2 x I0-
3  

20 13 66

20 Annealed 1800 12.5 1.3 3.5 x 10-6 1004(a) 0.6 1.3
40 Annealed 12.5 0.7 5.3 x 10-

6  
1 0 1 5 (a) 0.7 1.5

60 Aincaled 12.5 1.0 2.1 x 10-
5  

1 1 96 (a) 1.6 1.8
80 Annealed 12.5 2.4 1.1 x 10-

5  
10 04(a) 1.9 3.'7

20 Annealed 2000 10.0 0.9 1.3 x 10-3 130 24 70

40 Annealed 10.0 2.5 2.9 x 10-4 37 45 75

60 Annealed 10.0 1.0 1.6 x 10-
3  

63 17 73
915 Annealed 10.0 1.0 1.3 x 10-4 74 30 73

(a) Discontinued prior to failure.

(b) 1 hour at 2190 F.
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B, _____ ____ _ __V, 10
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Rupture T ime, hours A-31050

FIGURE A-315. STRESS-RUPTURE PROPERTIES OF Cb-lZr

AT 1800 AND 2000 F( 9 )
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TABLE A-21. GHARPY IMPACT DATA FOR Cb-lzr(a)(
5

)

Temperature. Rupture Strength(b).

Condition F ft-lb

thnotched

As rolled 75 156 NF

-100 133 PF

Stress relieved 1 hr 1650 F 75 129 NF

-100 126 NF

Rectystallized 1 hi 2200 F 75 128 NF
-100 121 NF

Notched

As rolled 75 >60 PF(c)
-100 69 PF

Stress relieved I hr 1650 F 75 119 PF

-100 95 PF

Recrystallized 1 hr 2200 F '75 03 PF
-100 116 NF

(a) Typical analyses 98.5%o min Cb, 0.8-1.21/a Zr, <0.0104'/r C, <0.030(r/0 N, <0.0300o 0,

and <0.0020i1, H.

(b) NF x no fracture

PF P partial fracture.

(c) Specimen stopped hammer, 60 ft-lb range.
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4. Metallurgical Properties

a. Fabricability: ingots are forged at 1200 to 1800 F to at least 50 per cent
reduction to develop optimum properties; conditioned and

annealed sheet bars are generally rolled at breakdown tem-
peratures of 400 to 600 F; final rolling up to 80 per cent is
possible at room temperature( 7

)

b. Weldability: both electron-beam and inert-gas fusion welding can be satis-

factorily used; high-purity atmospheres are mandatory to prevent
embrittlement of the material( 7

); weld ductility is about the same

as that of the base metal(5)

c. Stress-relief temperature: 1 hour at 1650 to 1800 F(
5

); 1 hour at 2100 F(
7

)

d. Recrystallization temperature: 1 hour at 2200 F(5, 8); 1 hour at 2250 F( 7 )



A-50

References

(1) Proposed ASTM Specifications for Columbium and Columbium Alloy Ingots, Sixth
Draft, American Society for Testing and Materials (March 13, 1962).

(2) Proposed ASTM Specifications For Columbium and Columbium Alloy Strip, Sheet.
Foil, and Plate, Sixth DrafL, American Society For Testing and Materials

(March 13, 1962).

(3) Proposed ASTM Specifications For Columbium and Columbium Alloy Bar, Rod,

and Wire, Sixth Draft, American Society For Testing and Materials (March 13,
1962).

(4) Proposed ASTM Specifications For Columbium and Columbium Alloy Seamless and
Welded Tubes, Sixth Draft, American Society For Testing and Materials

(March 13, 1962).

(5) "Columbium and Tantalum Base Alloys For Structural and Nuclear Application",

Wah Chang Corp. , Vol 1, Rev. Z (1962).

(6) "Product Specification - Columbium Base Alloys", report from Du Pont, Pigments

Department - Metal Products, E. I. du Pont de Nemours and Co. , Inc.

(7) "SCb-990 Electron Beam Columbiurn Alloy" Stauffer Metals Division Data Sheet.

(8) "Haynes Alloy Cb-7511t, New Product Data, Haynes Stellite Co.

(9) B3egley, R. T. , "Development of Niobium-Base Alloys", Westinghouse Electric

Corp. , WADC TR 57-344 (November, 1957).

(10) "Shear Strength Properties of Refractory Metal Fasteners", McDonnell Aircraft

Corp, , Contract No. AF 33(657)-7749 and BPSN:2(8-7381)-73812, Report 9346,
Serial No. 3 (January 10, 1963).



A-51

Cb-5Zr

Identification of Material

a. Dcsignation: D- 14 (Du Pont)

b. Chemical composition: Table A-Z2

c. Formis available: sheet, strip, plate, bar, and tube hollows(I 2)

TABLE A-2Ž!. CHEMICAL REQUIREMENTS FOR D-14 FABRICATED SHAPES(M)

Content, Maximnurm, weight per cenit

Element (a) (b)

Zr 4.4 rini - 5.6 muax 4.4 rain - 5.6 max

0 0.0400 0.0300
H 0.0020 0.0020
N 0.0100 0.0100
C 0.0100 0.0100
Cb By diffcrencec By diffcreuce

(a) Sheet, strip, plate, rectarguIlar bar, ard 1oaud bar.

(b) Tube hollows.



A-52

2. Physical Properties

a. Melting point: 3950 F(I)

b. Density: 0. 310 lb/in. 3(2)

c. Thermal expansion: Figure A-36

9.0

_ _

0

CA 5.0

0~
S40

- 3.0 __

1- •

0 200 400 600 800 1000 1200 1400
A- 45703

Temperature, F

fIGURE A-36. THERMAL EXPANSION OF ARC--MEITTEI) D-- 14(2)
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength; Table A-Z3

Tensile yield strength: Table A- 23

Elongation: Table A- 23

Reduction in Area; Table A-Z3

Modulus of elasticity: 13. 7 x 10
6 

psi(
2 )

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-24
Figure A-37

Elongation: Table A- 14

Figure A- 37

Modulus of elasticity: decreases linearly with temperature from a

value of 13. 7 x 106 psi at room temperature
to a value oX 12. 1 x 106 psi at 1600 F( 2

)

c. Creep and Stress-Rupture Properties

Figure A- 38
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TABLE A-2;r. ROOM-TEMPERATURE TENSILE PROPERTIES FOR D-14 FABRICATED SHAPES(a)(1)

Tensile Yield Strength
Strength, (0. 041 Offset), Ei,...ation, Reduction in

t.(onments 1000 psi 1300 pSi p~i cent Area, per cent

Sheet and Strip(b)

0.0106-in. to 0. 020-in., incl., 55 45 10 (2 in.)

min. values

Over 0. 020-in. to 0.187-in., 55 45 12 (2 ins.)
incl., min, values

Plate and Rectangular Bar(c)

Typical average 61 53 20 (2-in, or 4D) --

Probable hrinimum 50 45 12 (2-in, or 41) --

Round Bar(c)

Typical average 61 568 45 (4D) 85

Probable mininsins 60 45 25 (4D) 50

(a) Test rate 0.005 1 0.002 inch per inch per minute throusgh 0.6 per cent offset, tlhens 0.05 ± 0.02 inch per inch per minnute to
failure. Typical analyses 4.4 - 5.016 Zr, <0.040,ro 0, <0.002P/r H, <0.0100lo N, and <0.01001. C.

(b) Stress relieved I hourat 19W V.
(c) Recrystallized condition.

"TABLE A-24. MINIMUM TENSILE-PROPERTY REQUIRE-

MENTS FOR D-14 STRESS-RELIEVED SHEET

AT 2200 F(a)(1)

Tensile Yield Strength
Strength, (0.21, Offset), Elongation in

1000 psi 1000 psi I Inch. per cent

15 10 10

(a) Stress relieved 1 hour 1950 F, 0.006 inch to 0.187 inch,

inclusive. Test rate 0.05 a 0.02 inch per inch per
risnute. Typical analyses 4.4 - 5.,1r Zr, <0.040C4t 0,
<0.0020% H, <0.01004o$ N, and <o.0100% C.
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I I

1'0 r0

,0 I0

0 20 20 100 2000Ce 2 400

FIGURE A- 37. EFFECT OF TEMPERATURE ON THE TENSILE
PROPERTIES OF ARC-MELTED STRESS-
RELIEVED D-14 SHEET (0. 040 INCH)(Z)
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Temperature, F

I00oo -- -0 ooS ,0
I -
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f 2- - poTc _ _ __t xi-S-

1000 __ _ __ _

120

100

p 60 -4 __

40

20 P= T(20O+log t'xI10

0 10 20 30 40 50 60
P A-45705

FIGURE A-38. STRESS-RUPTURE CHARACTERISTICS OF ARC-MELTED D-14
IN ARGON FROM ROOM TEMPERATURE TO 2400 F(?)
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4. Metallurgical Properties

a. Fabricability: readily fabricated from arc melted ingot using

primary breakdown extrusion or forging and
subsequent standard conversion to mill shapes( 2 )

b. Transition temuerature: <RT('Z)

c. Weldability: fusion and resistance weldable by all standard processes
including hand TIG welding; in the as-welded condition,
fusion welds in sheet can be bent to greater than ZT,
provided adequate protection from the atmosphere is
maintained during welding(Z)

d. Stress-relief temperature: 1 hour at 1950 F(1)
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C b- 5V

Identification of Material

a. Designation: 13-33 (Westinghouse)

b. Chemical composition: typical analyses are i. lieated below(1)

Composition, weight per cent
Element Range Nominal

V 4. 5 - 5. 5 5. 0
0 0.030 max 0. 012

N 0. 020 max 0. 006
C 0. 020 max 0. 006
Cb Remainder Remainder

c. Forms available: plate, sheet, strip, foil, bar, wire, tubing, forgings,
and extrusions(1)

2. Physical Properties

a. Melting point: 4310 F(y)

b. Density: 0. 306 lb/in. 3(1)

c. Thermal expansion: Table A-Z5

d. Electrical resistivity: 21. 8 inicrohm-em at RI'; 6. 64 microhm-em

at -320 F()

TABLE A-25. COES-FICIENT OF TIERMAL EXPANSION OFB-33(1)

Tetupetature, Coefficient of ThrI: nii Expansio0C F 10 -b Il.Al. /C is Wn. /in. 1:

25-250 80-500 7.47 4.15
25-540 80-1000 7. &1 4.24
25-815 80-1500 8.06 4.48
25-1095 80-2000 8.49 4.71
25 1365 8002500 3.90 4.9!
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-26

Tensile yield strength: Table A-26

Elongation: Table A-26

Modulus of elasticity: 15. 8 x 106 psi(l)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-27 and A- Z8

Tensile yield strength: 'Fables A-27 and A-28

Elongation: Tables A- 27 and A- 28

Modulus of elasticity: 15.0 x 106 psi at 2000 F(1)

c. Creep and Stress-Rupture Properties

Figures A-39 and A-40

d. Other Selected Mechanical Properties

Hardness: for various conditions see below(l)

Vickers, Rockwell
Condition 1PH 1 C

As rolled 260 -- 23

Stress relieved 1 hr 1850 F 200 85 --

Recrystallized 1 hr 2000 F 180 80 --

Bend ductility: for annealed (1 hour 2000 F) sheet(l)

Temperature, Minimum Bend Radius,
F T

80 0-1
-100 1
-200 1
-320 1
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TABLE A-26. ROOM-TEMPERATUIE TENSILE PROPERTIES OF 8-33(aXl)

Tensile Yield Sitength

Strength. (0.2') Offset), Elongation,

Codl•ton 1000 psi 1000 psi per cent

As rolled. 9M% 129.0 114.5 6

!L'.I4'. 186l0 F 82_ Es2t 26

Recrystallized 1 hr 2000 F 77.6 54.0 32

(a) Teat late 0.005 inch per inch per minute. Nominal analyse 5. 0. V.

0.12% O0. 0.000o N. and 0.006% C.

TABLE A-27. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF

RECRYSTALLIZED B-33(1)

Tensile Yield Strength

Temperature. Strength, (0.21 Offset), Elongation.

F 1000 psi 1000 psi I Inch. per cent

Rcerystallized 1 Hour at 2000 F(a)

-320 132.0 112.5 33

-150 91.7 74.2 23

'75 '/7.6 54.0 32

300 67.8 46.7 27
600 63.0 39.2 20

B00 63.4 39.4 18
2000 30.7 29.2 57

2200 20.1 18.8 47
2400 13.1 13.0 55

2500 12.8 10.8 95

Recrystallized llou, at 2100 F(b)

2000 39.2 31.5 12

2200 32.1 21.6 20

2400 24.0 22.7 30

2600 17.16 7.6 30

2800 14.4 13.6 20

(a) Test rate 0.005 Inch per Inch per minute. Nominal analyses 5.o% V,
0.021. 0, 0.0001o N, and 0.000 C.

(b) Test rate 0.24 inch per Inch per minute.

TABLE A-28. HIGH-TEMPERATURE TENSILE PROPERTIES OF B-33 SHEET

(0.060 INCH)(ZO2)

Tensile Yield Strength
Temperature, Strength, (0.2% Offset). Elongation in

p 1000 psi 0000 psi 2 Inches, per cent

2750 11.05 0.3 34

11.4b 8.22 2I1

3100 5.89 4.18 32
5.59 4.03 31

3400 3.37 2.205 28

3.29 2.4 24

(a) Test rate 0.003 to 0.001 inch per inch pet mlnute.
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FIGURE A-40. STRESS-RUPTURE CHARACTERISTICS OF B-33 AT 2000 F(I)

Nominal analyses 5. 0% V, 0. 01Z% 0, 0. 0006% N, and
0. 0006% C.
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4. Metallurgical Properties

a. Fabricability: highly formable alloy which can be punched, blanked,

or sheared at room temperature without edge cracking;
operations such as bending, brake forming, drawing,
and spinning can be performed at room temperature,

although they can be accornpibisu:d with gv-ater ease
slightly elevated temperatures(V'

b. Transition temperature: <-320 F(l)

c. Weldability: the TIG welding process can readily be adapted to form

weld joints with essentially the same low-temperature

ductility as the base metal; similar results can also be
obtained by welding in air using a weld follower with

porous bronze diffuser and gas back-up to shield the
weld during heating and cooling(1)

d. Stress-relief temperature: 1 hour at 1850 F()

e. Recrystallization temperature: 1 hour at 2000 F for material cold

worked 80 to 90 per cent(1)
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Cb- IOHf- lTi-0. 5Zr

I Identification of Material

a. Designation: C-103 (Wah Chang)

U. Chemi*cal conlpoitioi 7,j,•c~a antalyses of arc-cast mnaterial•

Element Weight Per Cent
lIf 9-11

Ti 0.7-1.3
Zr <0.7

o < 0. 0300
N < 0. 0300

H < 0.0020

C <0.0100
Gb Balance

c. Forms available: ingot and most mill products(l)

2. Physical Properties

a. Density: 0.3Z 1b/in. 3

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-Z9

Tensile yield strength: Table A-?9

Elongation: Table A-Z9

Modulus of elasticity: 12.6 x 106 psi(l)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-30

Tensile yield strength: Table A- 30

Elongation: Table A-30

Modulus of elasticity: average values from 5 tensile tests(l)

Tempe Aature, Modulus of Elasticity,
F 10 6 

psi

RT 12.6
2500 6.3
2700 3. 6
3000 1.5
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c, Other Selected Mechanical Properties

Bend ductility: for various conditions at room temperature(l)

Condition Bend Ductility
As cold rolled 120 degree 1 T
Stress relieved 1 hr 1600 F 120 degree 1/2 T
Ri_ , ized 1 hr 2200 F 120 degree lLi/ T
Re.;xyLa.ized I hr 2800 F 120 degree 1/2 T

Impact: ciarpy notched impact data on as-rolled material(1)

Temperature, Impact Fracture Strength,
F ft-lb
RT 148, 159

-100 79,82
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TABLE A-29. ROOM-TEMPERATURE TENSILE PROPERTIES OF ARC-CAST C-103 SHEET(a)(1)

Sheet Tensile Yield Strength Elongation in

ThicneICss, Strength, (0. 2% Offset), 1 Inch,

Condition inch 1000 psi 1050 psi oer cent

Cold rolled 0.030 105.2 (L) 6. 6 (L.1 4.5 5,
101. 7 (T) 93.6 (T) 4 (T)

Stress relieved I hr 1600 F 0.040 93.1 88.0 9

Recrystallized 1 In 2400 F 0.030 58.8 50.4 26

(a) Typical analyses 9-11% 1Hf, 0.7-1.31% Ti, <0.7% Zr, 0.030C(6o 0. <0.03l0°1o N, <0.002LP7* H,

<0.010C3% C, bal Cb.

TABLE A-3t3. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES OF

ARC-CAST C-103 SIIEET(a)(1)

Tensisl Yield Strength Elongation iII

Temperaturc, Strongtli, (0.2% Offset), 1 Inch,

F Direction 1000 psi 1000 psi per cent

Cold Rolled, 0.030 Inch

RT L 105.2 96.6 4.5

1 101. 7 93.6 4

2000 L 34.2 23.5 3J

T 31.0 26.9 35

2500 L 12.9 11.3 87

T 13.0 11.4 80

Stress Rclieved 1 I-ous at 1600 F, 0.040 Inc'h

RT L 93.5 88.0 9

2000 L 26.4 18.2 63

2500 1. 11.65 10.5b >15

2700 L 8.1 7.3 >13

Recrystallized I Hour at 2400 F, 0. 30 Inch

RT L 58.8 50.4 26

2000 L 27.3 18.4 45

2500 L 12.0 10.3 >70

2700 L 9.5 8.6 >70

3000 L 5.0 4.2 >70

(a) Typical analyses 9-11% Hf, 0. 7-1,31] Ti, <0.'7o Zr, 0.0300% 0, 0.0300%a N.

<0.0020%] H, <0.0100co C, bal Cb.
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4. Metallurgical Properties

a. Fabricability: 4rc-melted ingot can readily be extruded to sheet bar at
elevated temperatures; following a recrystallization anneal
material is rolled at 800 F to about 0. 1 inch, then rolled at
room temperature to final size(l)

b. Transition tcnmperature: <-320 F fr strs- .. r.li.evcd (1'1 1600 F)
material(l)

c. Weldability: can readily be welded by TIG welding techniques; weld metal
ductility duplicates base metal ductility for both longitudinal and
transverse samples at room temperature(l)

d. Stress-relief temperature: i hour at 1600 F(I)

e. Recrystallization temperature: for sheet (0. 030 inch) material exposed 1 hour
at indicated temperature(l)

Teniperature, Recrystallization,
F per cent

1600 0
1900 50
2200 100, ASTM 7
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Cb- IOTa- IOW

Identification of Material

a. Designation: SCb-291 (Stauffer)

b. Chemical composi,-1: tyot 4L x:,alyses of electron-beam-melted material(l)

Element Weight Per Gent
Gb 80
Ta 9-11
W 9-11
0 0.0090
N 0.0100
C 0.0060

c. Forms available; ingot, billet, bar, plate, sheet, foil, and tube( 1 )

2. Physical Properties

a. Melting point: 4710 F(O)

b. Density: 0. 347 lb/in. 3(2)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A- 31 and A- 32

Tensile yield strength: Tables A- 31 and A- 32

Elongation: Tables A-31 and A-32

Reduction in area: Table A- 31

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A- 33 and A- 34

Tensile yield strength: Tables A- 33 and A-34

Elongation: Tables A- 33 and A-34

c. Creep and Stress-Rupture Properties

Table A-35
Figure A-41
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d. Other Selected Mechanical Properties

Hardness: for various forms(1)

Hardness,

Form RG
Forged bar 70

As- rolled sheet 80
Annealed sheet 64
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TABLE A-31. TYPICAL ROOM-TEMPERATURE TENSILE PROPERTIES OF ELECTRON-BEAM-MELTED SCb-291(a)(1)

Property Forged Bar Annealed Bar As-Rolled Sheet Annealed Sheet

Tensile Strength, 1000 psi 66 I2• 88

Yield Strength (0.21/6 Offset), 1000 psi 66 51 -- 14

Elongation ill 2 Inches, per cent 31 20 8 22

Reduction in Area, per cent 76 93 ....

(a) Typical analyses 8006 Cb, 9-110o Ta, 9-1106/ W, 0. 0090% 0, 0. 0100ao N, and 0. 0060/o C.

TABLE A-32. ROOM-TEMPERATURE TENSII.E POOP:RPTIFS OF SCb-291 REROLL STOCK AND rINISIIPD FOIL(A)(B)

Tensile Yield Strength Elongation in

Coil Recrystalliyation, ASTM Test Strength, (0. 2% Offset), 2 Inches,

Identificationt Cage, inch per cent Grain Size Direction 1000 psi 1000 psi per cent

Remtell oil Stock

291-1, -2 0.030 100 G. 5 L 64. 1 52.2 28.5
T 66.9 53.5 29.0

Finished Foil

291-1 0.006 100 8.5 L 68.9 57.0 26.5

T 72.0 60.1 21.0

291-2 0.006 100 7,5 L 60.1 57.9 19.5
T 68. 0 61.2 18.0

(a) Test rate 0. iC5 inch pes inch per minute to 0.2 per cent yield, and then 0.05 inch per inch per minute to failure.
Analyses are as follows:

Analyses

Weight,

Coil per cent PPM

Identification Gage, inch W Ta 0 N C It

Reroll Foil Stock

2u1-1,-2 0.030 10.3 10.1 <50 16 170 <5

Flinished Foil

291-1 0.006 .. .. 95 46 90 <5

291-2 0.006 .. .. 100 50 95 <5
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TABLE A-33. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
ANNEALED ELECTRON -BEAM-MELTED SCb-291 SHEET(a)(

2
)

Tensile Yield btrength Elongation in

Temperature, Strength, (0.2% Offset), 2 Inches. Number uf
F 1000 psi 1000 psi per cent Tests

RT 75 60 25 --

800 60 50 22 8

1000 52 40 23 2

1200 48 37 22 --

1600 45 35 20 --

1800 39 30 22 8

2000 32 24 24 5
2200 22 20 22 7

2400 21 15 25 6
2500 18 13 24 9

2600 16 11 24 4
2800 12 8.5 22 14

3000 10 7 23 15

3200 8 6 24 7
3400 6.5 4.8 25 4

(a) Typical analyses 80% Cb, 9-11% iTa, ) -01% W, 0. 0090% 0, 0.0100% N,

and 0. 0060%/ C.

TABLE A-:3.. 111611 TEMPERATURE TENSILE PROPERTIES OF
ELECTRON-BEAM-MELTED SCb-291

SHEET (0. 060 INCGi)(a)(
4
)

Tensile Yield Strength Elongation in

Temperature, Strength, (0. 2% Offset), 2 Inches,

F 1000 psi 1000 psi per cent

2800 11.99 8.3 21.5

3100 9.03 6.34 24.0
8.7 6.07 25.5

3400 6.57 4.72 25.0

6.48 4-87 25.5

(a) Test rate 0.003 to 0.007 inch per inch per sinute.
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TABLE A-3b. ST'tESS-RUP'r
1

JUE PROPERTIES OF COLD-ROLLED
ELECTRON -BIFA K -MFLTED SCb -291 SHEET(a)(1)

Tetsperature, F Stress, 1000 psi Time to Rupture, hours

2730 7.8 2.5

2970 5.0 2.4

3200 3.8 2.1

(a) Typical analyses 8001o Cb, 9-119o Ta, 9-11% W, 0.0090°0oO,

0. 0100% N, and 0. 00600h C.

00

0
0

,2 2800 F

U)

0.8 ____ __ ___

0.4
1 2 4 6 8 10 20 40 60 80 100 200

Time, minutes A-45707

FIGURE A-41. TIME FOR 0.2 PER CENT CREEP AT VARIOUS STRESS
LEVELS FOR ELECTRON-BEAM MELTED SCb-291( 4

)
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4. Metallurgical Properties

a. Fabricability: ingots are heated to 2200 F for forging; after 25 to 30 per cent
reduction, forging temperatures may be reduced to 1700 to
2000 F; forged sheet bars are rolled to intermediate thickness

at 500 to 700 F; finish rolling reductions of 60 to 70 per cent

a tta~inable at. LJQsii tLuij~pe-daure' -)

b. Transition temperature: -30 F Charpy V-notch impact transition(1)

c. Weldability: electron-beam-welding produces welds that can be bent 180

degress without cracking; shielded-arc inert.-gas welding allows
welds approaching the quality of electron-beam welds, depending

upon the purity of the welding atmosphere(
1

)

d. Stress-relief temperature: 1/2 to 1 hour at 1800 F(
1

M

e. Recrystallization temperature: 1 hour at 2100 to 2200 F(l)
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Cb-Z8Ta- 10W-lZr

lentification of Material

a. Designation: FS-85 (Fansteel)

b. Chemical composition: see below"lI

Weight Per Cent
Element Minimum Maximum

Ta Z6 29
W 10 12
Zr 0.6 1.1
C -- 0.0100
0 -- 0.0300
N -- 0.0150
H -- 0.0010

Fe -- 0.0100
Si -- 0.0100
Cb Balance

C. Forms available: ingot, plate, sheet, strip, foil, rod, wire, welded tubing,
and fabricated parts(1)

2. Physical Properties

a. Melting point: 4695 F(l)

b. Density: 0. 383 lb/in. 3(1)

c. Thermal expansion: Figure A-42

d. Thermal conductivity: see below(l)

Temperature, Thermal Conductivity,
C cal/(cmZ)(sec)(C/cmr)

150 0.09

205 0.09
Z60 0.10
315 0. 10
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FIGURE A-42. LINEAR THERMAL EXPANSION OF FS-850()
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-36 through A-38

Tensile yield strength: Tables A--36.tflrough A-38

Elongation: Tables A-36 through A-38

Reduction in area: Table A-36

Modulus of elasticity: 20 x 10 6 psi(1)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-39 and A-40
Figure A-43

Tensile yield strength: Tables A-39 and A-40
Figure A-43

Elongation: Tables A-39 and A-40
Figure A-43

Reduction in area: Table A-39

Modulus of elasticity: see below(3)

Temporature, Modulus of Elasticity,
F 106 psi

RT 20
1800 18
2000 18
2200 16

2800 15
2900 12
3000 12

c. Notched tensile properties: for edge-notched sheet (0. 040 inch)( 6 )

Notch Net Fracture Length of Shear Fracture
Radius, Strength, Rapid Crack, in Area of Rapid

Condition inch 1000 psi inch Crack, per cent

Stress relieved 0.00087 68.7 0 100
Recrystallized 0.0013 53.3 0 100

d. Creep and Stress-Rupture Data

Table A-41

e. Other Selected Mechanical Properties

Dend ductility: Table A-42
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TABL• A-36. ROOM-TEMPERATURE TENSILE PROPERTIES OF FS-86 SHEET (D. 030 INCH)(a)(2)

Tensile Yield Strength Elongation Reduction
Strength, (0. 21 Offset). in 1 Inch, in Area,

Condition 1000 psi 1000 psi per cent pet cent

Stress relieved, as received 119.4 109.5 10.6 42.9
120.4 106.8 11.0 47.6

1 104.8 11.0 42.8

RecrystAllized I hs 2300 F 86.9 69.5 21. 1 46.1
85.3 69.2 22.0 54.0
85.6 69.4 23.0 b4.7

Recrystallized and Cr-TI-SI coated 84.2 68.4 18.0 22.8

93.8 68.6 17.05 2.5
80.4 60.7 16.0 25.1

(a) Tost rate 0.020 Inch pet inch per minute. Analyses 27.92% Ta, 10.0% W, 0.981 Zr.

0.0150%00, 0. 0020% N, and 0. 0250M C.

TABLE A -,7. ROOM TEMPERATURE TENSILE PROPERTIES OF

rs -85 si iEET(')(-")

Tensile Yield Strength Elongation

Strength, (0.2* Offset), in 2 Inches,

Condition 1000 psi 1000 osi per cent

50 Per Cent Cold Worked. 0.040 Inch

Streo relieved 1 hr 1800 F 1005.0 95.4 14

94.1 Per Cent Cold Worked,. 0,063 Inch

As worked 130.0 "- 4.0
128.0 119.0 6.0

Stress relieved I lit 1830 F 109.0 91.6 14

Recrystallinted I It 1030 F 78.9 66.4 33

(a) Test rate 0. D.5 inch per minute crosshcad speed. Aielyses 60.54% Ch,

27. i2vb TA, 11.8% W, 0.53%Zr. 0.006% C. 0. 002% 0. and 0,003% N.

TABLE A-38. EFFECT OF TRST DIRECTION ON TIlE ROOM-TEMPEIOATURF

TENSILE PROPERTIES OF FS-85 SIEET(
4

)

Tensile ytltd Rr..,S!h Ptsngatlon
Test Strength. (0.2%Offset), in I Inch,

Direction 1000 psi 1000 psi per cent

L90, 70.6 1•0.
94.0 77.7 24.5

94.u 80.0 25.5

95.0 79.5 18.9
Be.0 69.0 20.0
90.0 80.0 21.6
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TABLE A-39. TENSILE PROPERTIES OF RECRYSTALLIZED FS-85 SHEET (0.030 INCH)

FROM ROOM TEMPERATURE TO 2600 F(a)(v)

Tensile Yield Strength Elongation Reduction

Tcmperature, Strength, (0. 2]o/ Offset), in 1 Inch. in Area,

F 1000 psi 1000 psi per cent per cent

RT 86.9 65.5 21.5 46.7

85.3 69.2 22.0 54.0
85.6 69.4 23.0 54.7

400 68.0 53.1 21.2 81.9
68.0 52.0 20.7 71.5

800 53.3 38.8 17.5 77.8

54.9 40.9 19.7 92.2

1200 63.1 46.0 15.3 81.2

61.8 30.1 13.2 77.3

1600 51.8 32.4 17.7 94.7
53.0 35.3 15.9 64.1

1800 46.0 30.0 17.7 71.5

44.8 34,6 16.1 72.0

2000 36.0 2}.1 5 28.8 73.3
"36.4 29.4 24.8 77.8

2300 25.2 21, b 39.1 89..2
24.9 22.0 33,8 86.4

2500 17, `1 16.3 50.4 36.1

16.5 15.0 57.3 92.5

2600 14.7 14.3 78.1 96.7

14.5 14.1 80.2 97.5

(a) Recrystallized 1 hour at 2300 F. Test rate 0.020 inch per inch per msinute.
Analyses 27.192"/ Ta, 10. 0% W, 0. 18% Zr, 0. 0150%0O, 0. 0020% N, and 0. 0250% C.

TABLE A-40. HIGH-TEMPERATURE TENSILE PROPERTIES OF PS-85
STRESS-RELIEVED SHEET(

1
)

"Tensile Yield Strength Elongation

Temperature, Strength, (0.2% Offset), in 2 Inches,
F 1000 psi 1000 psi per cent

3000 10.7 10.4 <80
3200 8.6 8.3 <80

3500 6.2 5.8 <80

3970 2.9 2.9 99
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FIGURE A-43. EFFECT OF TEMPE.RATURE ON THE TYPICAL, TENSIL•E
PROPERTIES OF FS-85(5)

Nominal composition 26-29loTa, 10-]Z%WN, 0.6-1.1% Zr,
<0. 0100% C, <0. 0300% 0,
<0. 0150%/ N, and <0. 00107oG H.
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TABLE A-41. CREEP AND STRESS-RUPTURE DATA FOR
FS-85 SHEET.O)

Secondary Creep Rupture

Temperature, Stress, Rate, Time,

P 1000 psi in. /in.t/hr hours

50 Per Cent Cold Worked, 0. 040 Inch

2000 17 3.21 . 10-4 >158
19.8 1.71 x 10-3 --

20 3.63 x 10-4 _

27 6.06 x 10-3 -

2200 10 <8.45 x 10-4 --

12 1. 19 x 10-
3  

--

14 2.46 x 10-3 --

16 5.25 x1
3 

-1

18 1.06 x 10- --

19 1.32 x 10"2 lu.42

20 2.20 x 10-2

2400 13 1.86 x 10-
2

2600 10 t. 88 x Io0
2  

9 29

94. 1 Per Cent Cold Worked, 0. 013 Inch

1800 35 9.30 x 10-3 6.51

2000 20 4.62 x 10"3 23.78
27 - - 2.33

2200 19 5.13 x 10-
2  

2.72

2400 13 3.99 x 10-
2  

4.03
13 3.24 x 10-2 6.12
2(a) - 11.21

2600 10 4.14 x 10i2 >4.7
]00) 3.45 x 10-

2  
5.01

(a) Annealed 1 hour at 2400 F.
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TABLE A -42, BEND-DUCTILITY DATA FOR FS-8b SHEET (0. 040 INCH)(a)(6)

Ram Successful Full
Temperature, Radius, Bend Angle,

Condition F T degrees

Cold tolled 50/o RiT IT 113-125

-320 4 T(b) 110-114

4T 127-ii

2T 121
lT(b) 109-110
IT 89-90(e)

Stress relieved RT IT 127-128

-320 4T 131
IT 121-123

Recrystallized RT IT 130-131

-320 4T 110

IT 121-124

(a) Test rate 10 inches per miuutc. Analyses 27.68% Ta, 10. 89% W,

0. 93% Zr, 0. 0020/0 G, and 0. 005% 0.
(b) Test rate 0. 1 inch per minute.
(c) Not a full bend angle.
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4. Metallurgical Properties

a. Fabricability: after high temperature breakdown using conventional practices,
final rolling, forming, blanking, spinning and drawing can be
readily performed at room temperature(l)

b. Transition temperature: <-3?Q' F for cold-rolled, stress-relieved, or re-
(.rystalliz-,d sheet (0. 040 inch)( 6 )

c. Weldability: may be welded using conventional TIG techniques; welded sheet,
both annealed and stress relieved, exhibits a IT bend at -IZ5 F(l)

d. Stress-relief temperature: I hour at 1830 for sheet material( 3 )

Figure A-44

e. Recrystallization temperature: 1 hour at Z400 F for sheet material(3)

Figure A-44
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I- Hour Annealing Temperature, F

2000 2200 2400 2600I i I I
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FIGURE A-44. GRAIN SIZE AS FUNCTION OF ANNEALING TEMPERATURE

FOR FS-85 SHEET(
6

)
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Cb- 32Ta- lZr

Identification of Material

a. Designation: FS-8Z (Fansteel)

b. Chemical composition: typical analyses for arc-cast mat .rialv
1 )

Element Weight Per Cent

Ta 33

Zr 1,0
0 <0. 0300

C <0. 0100

N <0. 0200
1-1 <0, 0020

c. Forms available: ingot and most mnill products

2, Physical Properties

a. Melting pi nt: 4570 F(2)

b. Density: 0. 367 lb/in. 3 (calculated)

c. Thermal expansion: Figures A-45 andA--46
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Stress relieved I hour at 1900 F.
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-43 through A-45

Ten1e yield strength: Tables A-43 thro gh A-45

Elongation: Tables A-43 through A-45

Modulus of elasticity: 17 x 106 psi(S)

-18 x 106 psi(
4 )

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-46 through A-48
Figures A-47 and A-48

Tensile yield strength: Tables A-46 through A-48
Figure A-47

Elongation: Tables A-46 through A-48
Figure A-47

Modulus of elasticity: Figure A-47

c. Notched Tensile Properties

Table A-49

d. Creep and Stress-Rupture Properties

Tables A-h0 and A-51
Figures A-49 through A-hi

e. Other Selected Mechanical Properties

Shear strength: for stress-relieved (I hour 1900 F) sheet material(3)

Shear Per Cent of
Temperature, Strength, Tensile

F 1000 psi Strength

RT 76. 0 93. 0
73.6 90.3

2500 7.66 64.6
8. 15 68.8

Bearing strength: Table A-5Z
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TABLE A-43. SOME SELECTED ROOM-TEMPERATURE TENSILE PROPERTIES OF FS-82

Tensile Yield

Strength, Strength, Elongation,

Condition 1000 psi 1000 psi per cent ReIference

Stress-relieved sheet (1 hr 1900 F, 90.0 80.0 19.7 (3)

u . i , i i n c h ) 0 0.f , 1 9...

Stress-relieved sheet (1 hr 1900 F, 82.7 71.8 11.3 (3)

0. 020 inch)(b) 80.7 65.7 11.3 (3)

81.4 71.7 11.3 (3)

Recrystallized material 55,0 37.0 24 (1)

(a) Test rate 0.2 inch per minute crosshead speed.

(b) Test rate 0. 005 inch per inch per minute to yield. then 0.03 Inch per inch per minute to fracture.

TABLE A-44. EFFECT WF TES'I I)IkECI ION ON THE TENSILE PROPERTIES OF FS-82 SHEET AT ROOMM-TEMPERATURE(3)

Sheet Thickness, Test Direction

inch Property Longitudinal Transverse 45-degree

0.010 Tensile Strength, 1000 psi 91 103 86

Yield Strength (0. 2'] Offset), 1000 psi 81 93 81

Elongation in 3/4 Inch, per cent 8 8 10

0.017 Tensile Strength, 1000 psi C7 68 02

Yield Strength (0.220b offset), 1000 psi 30 50

Elongation in 3/4 Inch, per cent 13 12 18

0.018 Tensile Strength, 1000 psi 68 69 62

Yield Strength (0. 20k Offset), 1000 psi 57 52 51

Elongation in 3/4 Inch, per cent 12 10 16

0.020 Tensile Strength, 1000 psi 68-89 68-94 60-88

Yield Strength (0. 2 Offset), 0oo0 psi 51-81 49-81 54-80

Elongation in 3/4 Inch, per cent 11-17 10-18 12-18

0,070 Tensile Strength, 1000 psi 108 115 107

Yield Strength (0.2%[0 Offset), 1000 psi 99 101 99

Elongation in 3/4 Inch, per cent 15 10 14

TABLE A-45- EFFECT OF STRAIN RATE ON THE ROOM-TEMPERATURE TENSILE PROPERTIES

OF STRESS -RELIEVED FS-82 SIHEET (0. 125 INCH)(a)(3)

Tensile Yield Strength Elongation in

Crosshead Speed, Strength, (0.2% Offset), I Inch,
inch per minute 1000 psi 1000 psi per cent

0.2 89.5 80.0 19.6

5 80.0 83.9 15.0

10 92.0 92.5 15,0

(a) Stress relieved 1 hour at 1900 F.
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TABLE A-46- EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF

STRESS-RELIEVED FS-82 SHEET (0. 120 INCH)(a)(
3
)

Tensile Yield Strength

Strength, (0. 2o Offset), Elongation in 1 Inch,

Temperature, F 1000 psi 1000 psi per cent

RT 90.0 80.0 19.'?

88.0 '79.5 19.5

1600 69.0 57.0 14.1

66.5 60.0 15.5

2000 50.5 44.5 28.2

50.8 42.5 24.0

2500 14.2 12.0 76.0
14.5 12.3 68.0

(a) Stress relieved 1 hour at 1900 F. Test rate 0.2 inch per minute crosshead speed,

TABLE A.-47. EFFECT OF TEMPERATURE ON '11 E"'ESIIE PROPERTIES OF

STRESS -RELIEVED FS-82 SIHEET (0.020 INCll)(a)(
3
)

Tensile Yield Strength

Strength, (0.2016 Offset), Elonugation In 3/4 Inch,

Temperature, F 1000 psi 1000 psi per cellt

RT 82.7 71.8 11.3
80.7 65.7 11.3
81.4 71.7 11.3

1000 '74.6 63.7 3.8

84.0 77.5 3.8

'75.0 56.4 2.5

1600 62.7 47.8 10.0
66.9 54.5 7.5
G4.1 53.9 3.8

2500 13.3 13.1 65,0
10.4 8.7 41.0

(a) Stress relieved 1 hour at 1900 F. Test rate 0.005 inch per inch per minute to

yield, then 0.03 inch per inch per minute to fracture.



A-96

TABLE A-48. EFFECT OF TEST DIRECTION ON THE TENSILE

PROPERTIES OF FS-82 SHEET AT 2200 F(
3

)

Sheet Thickness, Test Direction
inch Property Longitudinal Transverse 45 Degree

0.010 Tensile Strength, 1000 psi 17 15 16

Yield Strength (0.2%b Offset), 1000 psi 8 10 10
Elongation in 3/4 Inch, per cent 63 68 82

0.017 Tensile Strength, 1000 psi 14 14 18
Yield Strength (0. 23'1 Offset), 1000 psi 10 10 9

Elongation in 3/4 Inch, per ceat 83 68 76

0.018 Tensile Strength, 1000 psi 15 16 15
Yield Strength (0.2,/oOffsa.t), 1000 pi 9 9 10

Elongation in 3/4 Inch, per cent 73 63 66

0.020 Tensile Strength, 1000 psi 18-30 19-34 20-26

Yield Strength (0.21/.Offset), 1000 psi 9-19 10-21 10-16
Elongation in 3/4 Inch, per cent 28-72 20-b2 26-b8

0.070 Tensile Strength, 1000 psi 23 35 30

Yield Strength (0. 2%/Offset), 1000 psi 13 20 18
Elongation in 3/4 Inch, per cent 54 30 38
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o T- Nt F

FIGURE A-47. EFFECT OF TEMPERATURE ON THE STRENGTH AND MODULUS
OF STRESS-RELIEVED FS-82 SHEET (0. 040 INCH) IN HELIUM(

4 )

Stress relieved 1 hour at 1900 F.

Test rate 0. 003-0. 005 inch per inch per minute to yield, then
0. 02-0. 04 inch per inch per minute to fracture.

_° I

o ot

T0eole 20 1" 2ý nW ý4,6M2 z

FIGURE A-48. EFFECT OF TEMPERATURE AND IIEAT-UP TIME PRIOR
TO TEST ON THE STRENGTH AND DUGTILITY OF
STRESS- RE LIEVED FS-82 SHEET (0. 040 INCH)(4)

Stress relieved I hour at 1900 F.

Tests conducted in vacuum at 0.,05 inch per minute crosshead
speed. Tests conducted in helium at 0. 003-0. 005 inch per
inch per minute to yield, then 0.02-0. 04 inch per ind per

r-inute to fracture.
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TABLE A-195, ROOMl-I EMPERAIURE NOTCHED TENSILE PROPERTIES OF
STRESS-RELIEVED FS -. SHEET (0. 020 INCH)(

0
)(3)

Notched

Notch N otch Tensile Elonga Uiot
Radius, Width, Strength, in 3/1 Inch, Notched/Unnotchcd

ilch inch Kt 1000 psi per cent Strength Ruatio

0.007 0.419 5.7 81. L 3.5 1.0
82. 1 3.0 1.05

0.003 0.,120 (b) 77.2 3.5 0.94

0.004 0.420 1.3 81.u 3.0 1.0

(a) Stress relieved I hour at 1900 F.
(b) Radii of notch coesiderably different oil opposite sides Of specit cit; Kt = 8. 9 oil lharp side.

FA3LE A -50. STRESS -I.IIPTURE IDA IA FOR StIsS-lI,'VhD I-S-82 SIIEET

(0. 070 INCII) Al 2000 AND I/)!) F(0)51

"[tlpCtpt LutelC Stress, lji i, lElongationt,
F 100D psi hour per cent

2009 20.0 1.6 31
1H.11 0.1 410
t 0. ) 44.7 '17

2.500 5.0 1.1.4 58

4.0 67.0 7-1
3.0 278 513

(a) Stress relieved I hour e t 1901) 1F.



TABLE A -5i. RUPTURE STRENGTHS OF STRESS-RELIEV ED FS-82
SHEET (0. 125 IN CH)(aX)(3

Stress to Produce Rupture,
1000 psi, at Indicated

Temperature, F 1 111 100

1600 58 .19 38
2000 26 19 14.5

2100 21 11. 5 11
2200 16 12 8. 6

2500 '165.2 3.6

(a) Stress relieved I hour at 10001-. Data Laken from Larson-

Miller plot, Figure A-5u.

2.0%76 18 000 F

2.0 22000 F

0.1 1.0 10 100

Time, hoursA-51

FIGURE; A-49. CREEP DEFORMATION OF STRESS-RELIEVED FS-8Z SHEET
(0. 040 INCH) AT 1800, 2000, AND 2200 F(4 )

Stress relieved 1 hiour at 1900 F.
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FIGURE A-50, CREEP DEFVORMVATION AND RUPTURE STRENGTH•S OFSTRESS-RELIEVED FS-8 SHEET (0. 040 INCH) (4)

Stress relieved I hour at 1.9001 F.
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FIGURE A-50. CTREEPDFOMTO-ADRUPTURE GHI.GEITG FSTRENTSSOF
STESRELIEVED FS-82 SHEET (0. 040 INGH)(31

Stress relieved 1 hour at t900 F.
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TABLE A- 52. BEARING STRENGTH OF STRESS-RELIEVED FS-82 SHEET
(0.120-INCH) FROM ROOM TEMPERATURE TO 2000 F(a)(3)

Bearing Bearing Yield
Bearing Bearing Strength/ Yield Strength/

Temperature, Strength, Tensile Strength Strength, Yield Strength

1000 psi Ratio 1000 psi Ratio

Edge Distance 0.35 Inch.)

RT 137.1 1.5 105.2 1.3
139,2 1.5 103. 0 1.2

1600 113.8 1.6 91.0 1.5
110,5 1,6 99.2 1.7

2000 74.2 1,4 68.4 1.6

71.5 1,4 68.9 1.6

Edge Distance 0. 500 Inch (2. Od)

RT 185.0 2.0 100.8 1.3

187.0 2.1 114.1 1.4

1600 140.7 2.0 106.8 1.8

2000 100.7 2.0 77.6 1.8

99.5 1.9 72.9 1.7

(a) Stress relieved 1 hour at 1900 F.
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4. Metallurgical Properties

a. Fabricability; can be fabricated using most conventional fabrication practices

and procedures; readily cold workable(
6 )

b. Transition temperature: <-65 F for stress-relieved (1 hour at 1900 F) sheet

(0 .. 0 .iCh)(3 1

c. Weldability: can readily be welded using TIG techniques; welded sheet material

is ductile below room temperature

d. Stress-relief temperature: 1 hour at 1900 F for sheet material(3¾
4 )

e. Recrystallization temperature; effect of annealing temperature on recrystal-

lization and hardness of sheet material(
3 )

I-Hour Annealing
Temperature, Recrystallization, Hlardness,

F per cent VHN

As received(a) 0 190

1800 0 182

Z000 0 17Z
2100 50 119
2200 100 107

2400 !00 118

(a) Stress relieved 1 hour at 1.900 F.
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Cb-I 1OTi-5Zr

1. Identification of Material

a. Designation: D-36 (Du Pont)

b. Chemical composition: Table A-53

c. Forms available: sheet, strip, plate, bar, and tube hollows(',2)

TABLE A-53. CHEMICAL REQUIREMENTS FOR D-36 FABRICATED SHAPES"
13

Content, Maximum, weight per cent
Element (a) (b)

Ti 9.0 min-11.0 max 9.0 min-11.0 max
Zr 4.0 mrin-6.0 max 4.0 min-6.0 max
0 0. 0400 0.0300
H 0.0020 0.0020
N 0.0100 0.0100

C 0.0100 0.0100
Cb By difference By difference

(a) Sheet, strip, plate, rectangular bar, and round bar.
(b) Tiube hollows.

2. Physical Properties

a. Melting point: 3500 F(?)

b. Density; 0.286 lb/in. 3(2)

c. Thermal expansion: Figure A-52

d. Thermal conductivity: Figure A-53
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FIGURE A-53. THERMAL CONDUCTIVITY OF ARC-MELTED D-36(2 )
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-54 and A-9-3

Tensile yield strength: Tables A-54 and A.-55

Elongation: Tables A-54 and A- 35

Reduction in area: Table A-54

Modulus of elasticity: 16.5 x .0 6 psi(?)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Figure A-54

Tensile yield strength; Figure A-54

Elongation; Figure A-54

c. Creep and Stress-Rupture Properties

Figure A-55
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TABLE A-54. ROOM-TEMPERATURE TENSILE PROPERTIES FOR

RECRYSTALLIZED D-36 FABRICATED SHAPES(a)(1)

Tensile Yield Strength Reduction

Strength, (0. 21, Offset), Elongation, in Area,

Comments 1000 psi 1000 psi per cent per cent

Sheet and Strip

0.006 in. to 0.020 in., incl., mrin values 70 60 15(2 in.)

Over 0. 920 in. to 0. 187 in., incl., rin values 70 60 1q (2 in.)

Plate and Rectanguilar Bar

Typical average 74 67 20 (2 in. or 4D) --

Probable minimum 65 58 15 (2 in. or 4D) --

Round Bar

Minnimumin 65 58 20 (41D) 50

(a) Test rate 0.706 1 0.002 inch per inch per minute through 0.6 per cent offset, then 0.05 i 0. 02 Inch per Inch per minute to

failure. T ypical analyses 9.0-11.0 o Ti, 4.0- 6.0% Zr, <0. 0400% 0O, <0. 0020%tl H, <0. 0100% N, and <0. 0100qo C,
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TABLE A- 55. ROOM-TEMPERATURE TENSILE PRDPERTIES OF D-36 REROLL STOCK AND FINISHED FOIL(a)(
3
)

Tensile Yield Strength Elongation

Coil Gage, Recrystallization, ASTM Test Strength, (0.2%Offset), in 2 Inches,
Identification inch per cent Grain Size Direction 1000 psi 1000 psi per cent

Reroll Foil Stock

770 0.054 100 6.5 T 76.1 59.7 24.0

445 0.060 100 5.5 L "0.8 57.0 30.0
T 71.5 50. 30.0

658 0.053 100 6.5 T 77.6 64.5 27.0

413 0.054 100 6.0 T 77.8 62.8 29.2

348 0.052 100 5.15 L q76.5 65.0 29.2

T q7.6 66.4 28.7

36-9 0.052 100 7.5 L 74.0 63.4 28.0
T 74.7 63.4 27.0

36-10 0.051 100 5.5 L 74.7 63.1 21.0

T 75.5 62.7 20.7

Finished Foil

444 0.010 90 8.5 L 80.6 73.2 19.5
T 70. 7 67.5 19.0

444(l)(b) 0.010 60 9.0 L 85.9 71.4 2.0

T 87,1 77.3 2.5

44 5 (2 )(b) 0.010 35 9.5 L 86,1 74.9 9.2

T 89.1 78.0 4.7

36-413 0.010 100 9.0 L 75.5 66.6 20.5

T 79.3 70.2 22.7

766 0.006 90 9.0 L 78.6 75.0 23.0
T 81.5 74.8 14.3

710 0.006 100 8.0 L 75.5 64.1 20.5
T 77.4 68.8 20.5

36-9(S)(c) 0.006 100 8.5 L 71.2 59.2 27.0
T 74.0 61.5 18.0

36-9 0.006 100 9.0 L 71.3 63.3 17.6

T 73.2 63.6 19.0

36-10T1 0.006 100 8.5 L 76.7 68.9 20.0
T 79.8 70.4 22.2

36-1OT3(S)(c) 0.006 100 8.5 L 79.0 67.5 20.0

T 83.7 67.5 21.7
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TABLE A-55. (Continued)

Tensile Yield Strength Elongation

Coil Gage, Recrystallization, ASTM Test Strength, (0.21P Offset), In 2 Inches.

Identification inch per cent Grain Size Direction 1000 psi 1000 psi per cent

Finished Foil (Continued)

761 0.002 100 9.5 L 83.0 7i,. 0 15.5

36-34R 0.002 q 5 9.5 1. 78.6 68.0 12.0

T 71. i 67.0 1:3.

(a) Test rate 0.005 inch per inch per minute to 0.2 per cent yield, then 0.05 inch per inch per minute to failure. Analyses

are as follows:
Weight

Coil Gage, Per Cent PPM

Identification Inch TI Zr 0 N C H

Reroll Foil Stock

770 0.054 10.2 5.0 179 19 51 <10

445 0.060 10.2 4.7 173 21 63 <10

658 0.053 10.0 4.8 239 25 27 <10

413 0.054 9.8 5.2 179 30 42 <10

348 0,052 9.8 5.0 182 33 40 <10

36-9 0.052 10.4 4.7 105 63 25 <5

36-10 0.051 10.5 4.9 205 37 85 <5

Finished Foil

444 0.010 .. ..- 70 80 36 <10

444(1) 0.010 .. .. 2200 80 84 <10

445(2) 0.010 .. .. 950 73 42 11

36-413 0.010 .. .. 105 14 40 <5

766 0.006 .. .. 165 88 48 <10

770 0.006 .. .. . 80 67 130 <10
36-9(S) 0.006 -. .. 205 25 100 <10

36-9 0.006 .. .. 240 18 45 <10

36-IOTI 0. 00 .. .. 340 27 70 <6

36-IOT3(S) 0.006 .. .. 315,620 37 130,395 <10

761 0.002 .. .. 300 70 78 <10

36-348 0.002 .. .. 660 43 365 <5

(b) Sample taken froin area with discolored surface.

(c) Strand annealed.
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FIGURE A-54, EFFECT OF TEMPER•ATURE ON THE TENSILE PROPERTIES OF
ARC-MELTED RECRYSTALLIZED D-36 SHEET (0. 040 INCH)(4)
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FIGURE A- 55. STRESS-RUPTURE CHARACTERISTICS OF ARC-MELTED
D-36 IN ARGON FROM ROOM-TEMPERATURE TO
2400 F(Z)
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4. Metallurgical Properties

a. Fabricability: readily fabricated from arc-melted ingot using primary break-

down extrusion or forging and subsequent standard conversion to
mill shapes(

2
)

b. Transition temperature: <RTC', 2)

c. Weldability: fusion and resistance weldable by all s,:andard processes including

hand TIG welding; in the as-welded condition, fusion welds in sheet

can be bent to greater than ZT, provided adequate protection from

the atmosphere is maintained during welding(
2 )
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Cb-IOTi-1OMo-O. IC

1, Identification of Material

a. Designation: D-31 (Du Pont)

b. Chemical composition: .T?_able A -56

c. Forms available: sheet, strip, plate, bar, and tube hollows(l, 2 )

TABLE A-55. GHEMIGAL REQUIREMENTS FOR D-31 FABRICATED SHAPES(
1
)

Content, Maximum, weight per cent
Elemaent (a) (b)

Ti 9.0 ntin - 11.0 max 9.0 rins - 11.0 max

tyh 9.0 nwin - 11,0 miax 9.0 min - 11.0 mnax

0 0.0250 0.0250

H 0,0020 0.0020

N 0.0070 0.0100

C 0.008 nin - 0.12 max 0.08 inis - 0.12 ilax

cb By difterence By differceCC

(a) Sheet, strip, and round bar.

(h) Plate and rectangullar bar.
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2, Physical Properties

a. Melting point: 4100 F( 2)

b. Density; 0. 292 lb/in. 3(2)

c. Thermal expansion: linear coefficient is estimated to be 4. I x 10-6/F
., )-1800 F)(-'/

d. Thermal conductivity: 500 Btu/(ft t )(hr)(F/in) at 2200 F(3)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-57 through A-60

Tensile yield strength: Tables A-57 through A-60

Elongation: Tables A-57 thl.ough A-60

Reduction in area: Tables A-57 through A-60

Modulus of elasticity: 16. 5 x 10 6 p(Z)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-61 and A-6Z
Figures A-56 through A-58

Tensile yield strength: Tables A-61 and A-6Z
Figure A-58

Elongation: Tables A-61 andA-6Z
Figure A-58

Reduction in area: Tables A-61 and A-62

Modulus of elasticity: Figure A-59

c. Creep and Stress-Rupture Properties

Tables A-63 and A-64
Figures A-60 through A-63

d. Other Selected Mechanical Properties

Fatigue: Table A-65

Figure A-64
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TABLE A-57. ROOM -TEMPERATURE TENSILE PROPERTIES FOR STRESS-RELIEVED D-31 FABRICATED SHAPES(a)(1)

TetLsilt Yield Strength,

Strengtl, (0.2l Offset), Elongation, Reduction in Area,

Comments 1000 psi 1000 psi per cent per cent

Sheet and Stril b)

0.006 in. to 0. 020 in., incl. , min values 85 80 8 (2 in) --

Over 0. 020 in. to 0. 187 in. incl., min values 85 80 10 (2 In) --

Plate and Rectangular Bas(c)

Minimusn 76 65 10 (2 in or 4D)

Round Bar(b)

Minimum 75 65 10 (4D) 20

(a) Test rate 0. 006 i 0. 002 inch per inch per minute through 0. 0 per cent offset, then 0. 05 - 0. 02 inch per inch per minute

to failure.
(b) Typical analyses 9.0-11.0% Ti, 9. 0- 11.01. Mo, <0. 0250% O, <0.0020% H, <0.00700% N, 0.08-0.12% C.
(c) Typical analyses U.0-11.0% Ti, 9.0-11.0% Mo. <0. 0250%O, <0.0020% H, <0.0100% N, 0. 08-0.1201. C.

TABLE A-58. ROOM-TEMPERATURE TENSILE PROPERTIES OF D-31 EXTRUSIONS

Tensile Yield

Strength, Strength, Elongation, Rcduction in Area,

Gondition 1000 psi 1000 psi per cent per centt Reference

As extruded (4: [)(a) 96 94 9 11 4

As extruded (8:1) 100 92 22 47 4

Extruded (8:1), 1 hr 92.5 ...... 4
2,150 lja)

Extruded, I h r 2500 F 100. 7 (T) 87.4 (T) 1'. 2 (T) 21.3(T)

(a) Test rate 0.05 inch pet inch per minute.
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TABLE A-59. ROOM-TEMPERATURE TENSILE PROPERTIES OF ANNEALED D-31 UPSET FORGINGS(aX5)

ilorging Upset Tensile Yield Strength

Temperature, Reduction, Strength, (0.2 b Offset), Elongation, Reduction in Area,
F pef u;I5L 1000 psi 1000 psi per CGitL per CeUt

2000 48 99.4 83.9 34 47

2200 49 100.3 85.6 34 47

2400 51 100.0 82.7 29 47

2000 73 99.0 85.8 35 52

2200 74 95.8 87.6 37 55

2400 73 98.7 83.7' 38 50

(a) Annealed 1 hour at 2200 F.

TABLE A-60. EFFECT OF ANNEALING TEMPERATURE ON THE ROOM-TEMPERATURE TENSILE PROPERTIES OF D-31
COLD-ROLLED SHEET (0.060 INCHj)(aX.1)

Tensile Yield
J-Hour Annealing Test Strength, Strength. 'Elongation,

Temnperature, F Direction 1000 psi 1000 psi per cent Structurc

As rolled L 125 122 5 Fibered
T 132 128 5 Fibered

1750 L 105 100 15 Fibered

T 105 t05 10 Fibered

21b0 L 99 89 -- l00e/orex.
100 92 20 100% rex.

2300 L 98 90 -- 100% rex.

T 99 87 -- 100% rex.

2450 L 90 -- 100% rex.
T 90 -- 100% rex.

(a) Test rate 0.05 inch per inch per minute.
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TABLE A- 61. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES OF D-31 EXTRUSIONS(
4
)

Tenmile Strength, Yield Strcngth. Eliotgation, Reduction .'a Area.

Temperatsre. F 1000 psi W000 psi per cent per cent

As Extruded (4:1)(a)

RI 04 94 9 11

1800 37 35 40 72

2000 29 .2A 50 70

A s Extruded (8: t)(b)

RT 100 92 22 47

800 67 54 22 75

1150 70.5 52 19 42

1500 63 49 6 12

1700 57 31 6 9

1900 10 38 13 13

2000 34.b 33 12 il

2200 2b 22 1 13

2400 [9.- -a 8 11

2600 11 .... -40

Extr~rded (8:1), Recrystalled I Flour at 24h0 F(a)

RI, 9:1. --...

200 9 1 0.8 .5 7
400 79.!) 71.3 23 71

600 67.7 55.2 28 76

800 67. 1 55.2 23 82

1000 66 -17.9 19 80

[200 60.2 -16. 0 7 6

1100 5.1. 1 38.06 H9 W

1600 45.)9 36. 1 9 J6

1800 36.3 32.7 13 20

2000 26. 2 2.5.8 2 23

(a) Test rate U. Ob 0 ch per inch per ilntite.
(b) Tested in air.

TABLE A- i'?. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES OF UPSET FORGED AND ANNEALED D-31(2)(5)

Yield Strength

Tensile Streigth, (0 2% Offset), Elongation, Reduction In Area,

Teltip'auturc, F 1000 psi 1000 psi per cent per cent

10 0 0 5 .1 ..1 - -i 7 8

2000 2:. 2 u5.3 36 71

2300 17., -- 86 82

2600 .2 8.0 !00 65

(a) Forged 75 per cent 3L 2200 F, nimeraled I hwoi aut 2200 F.
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FIGURE A-57. EFFECT OF TEMPERATURE ON THE TENSILE STRENGTH AND
1OT HARDNESS OF EXTRUDED D-31 BAR(3)
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TABLE A\-63. STRESS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED D-31(aXb)

Rupture Elongation in Reduction in Area,
Temperature, F Stress, 1000 psi Life, Hours i/2 inch. per cent per cent

2000 22 0.2 76 62
18 0.5 76 92

11 11.8 82 81

2300 li. 0.05 24 19

10 0.8 112 12
8 6.0 51 90

2600 9 0.1 108 79

6 2.3 124 73
3.5 10.2 85 65

(a) Forged 75 por cent at 2200 F, annaaicd 1 hour at 2200 F.

TABLE A-04. SIIORT-TIME CREEP AND STRESS-RUPTURE BEHAVIOR OF D-31 SHEET (0. 042 INCH)(6)

Time to Produce Indicated Creep, seconds Rupture Time,
Temperature, F Stress, 1000 psi 0.5% 1.0% 2.0% 5.0% 10.0% seconds

1900 25.C 1 2.5 5.4 14.0 28 80

20.0 5.8 14 30 73 140 400
15.0 32 80 160 360 740 1950

2100 15.0 6 10 19 38 72 150
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FIGURE A-60. STRESS-RUPTURE DATA FOR D-31 TESTED IN AIR AND
VACUUM AT 1800 F( 3 )

40

0 0

30. 2C - -S O.

'•20 0 <

o P T(20+log t) x I0

RuptuE

SCreep 110 2% 5%
I 

0'

1600 1700 1800 1900 2000 2100
8 Tem perature, F, I hr -------L I I I

600 1700 1800, 1900 2000
e6 I I Temperature, F, 0 hr I

40 42 44 46 48 50 52
A-45721

P

FIGURE A-61. CREEP AND STRESS-RUPTURE BEHAVIOR OF STRESS-
RELIEVED D-31 SHEET (0. 060 INCH)( 3 )
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FIGURE A-6Z. STRESS-RUPTURE CHARACTERISTICS OF ARC-MELTED
D-31 IN ARGON FROM ROOM TEMPERATURE TO
Z400 F(?)
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FIGURE A-63. CREEP AND STRESS-RUPTURE BEHAVIOR OF D-31 TESTED
IN AIR(3)
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TABLE A-65. TENSION-TENSION FATIGUE DATA FOR D-31 SHEET (0.042 INCH)
6
)

RT 2300 F

Maximum Stress, Maximum Stress,

1000 psi Cycles to Failure 1000 psi Cycles to Failure

50 '50 X 10
5  

19.2 .3 12n

53 24 x 105 12.3 6.0 x 105

55 13 x 105 14.7 49 x 10
4

60 40 x 10
4  14.7 72 x 104

65 37 x 104 18.6 7.0 x i03

75 1I x 10
4  

18.6 6.5 x 103

75 12 x 10
4  

....

90 17 x 10
3  

....

90 18 x 10
3  

....

120 -Legend

o Longitudinal groin

00 a Tronsverse grain
o- Did not foil

0 so

00

R 0 - -_____

00g• o

20-

0

10t 105 IO, I0 t
A-41573

Life, cycles

FIGURE A-64. COMPLETELY REVERSED SHEET-BENDING FATIGUE

PROPERTIES OF STRESS-RELIEVED D-31 SHEET
(0. 020 INCH) AT ROOM TEMPERATURE(

7
)
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4. Metallurgical Properties

a. Fabricability: readily fabricated from arc-melted ingot using primary
breakdown extrusion or forging and subsequent standard
conversion to mill shapes(4)

b. Transition temperature: <RT(1 
,A )

c. Weldability: cannot be fusion welded by standard arc processes; can be w7,elded
using high-speed electron-beam or resistance techniques( 2 )

d. Recrystallization temperature: effect of annealing temperature on recrystalliza-
tion and hardness of extrusions( 5 )

Tempe rature, Recrystallization, Hardness,
F per cent VHN

As extruded 0 249
2200 40 221
?300 60 222
2400 100 Z27
2500 100 230
2600 100 231
Z700 100 258

Figure A-65

LU

S2100

a 2000-
E

1900

1800-

0 17n00
0.010 0.030 0.050 0.070 0.090 0.110

Sheet Thickness, inch A-45724

FIGURE A-65. TEMPERATURE FOR COMPLETE RECRYSTALLIZATION OF
D-31 SHEET(3)
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Cb-5W- lZr

1. Identification of Material

a. Designation: AS-55 (General Electric)

b. Chemical composition: nominal analyses(1)

Element Weight Per Cent

W 5-10
Zr 0. 0-1.2
y 0. 2_ .0(a)

C 0. 04-0.08
O 0. 10 max.a)
N 0.03
Cb Balance

(a) Starting mnaterial content. Oxygen and
yttriurn analyses of arc-nielted Ingot
will be lower.

c. Forms available: ingot and fabricated shapes on a best efforts basis

2. Physical Properties

a. Density: 0.317 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-66

Tensile yield strength: Table A-66

Elongation: Table A-66

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-67

Tensile yield strength; Table A-67

Elongation: Table A-67

c. Creep and Stress-Rupture Properties

Figure A-66
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d. Other Selected Mechanical Properties

Bend ductility: ductility of sheet (0. 040 inch) as affected by aging at

various temperatures and times(1)

Aging Conditions Ductility
T'meauc YneA A g:_ C 01 Anpnea.led I

F Hours Envirorn,ýnt Rolled Hr, Z00 F

Unaged --.. <IT <IT
1700 20 Vacuum <IT <IT

1850 100 Potassium <IT
1850 1000 Potassium <IT <IT

1850 1000 Vacuum -- <IT
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TABLE A-66. ROOM-TEMPERATURE TENSILE PROPERTIES OF
AS-55 3AR AND SHEETIaXI)

t ensile Yieid St .- i.Lh

Strenrr,, (0. 21/6 Cftet). E loy Ea stio,

CoC,:Jitican 1000 psi 1000 psi per cellt

Stress-rclhovcd bar (warm swaged, I lit 1800 F, 84. q 65, 4 22

181 VIIN)

Recrystallized slieet (cold rolled, I lit 2300 F. i7. 8 55.3 28
130 VlIN)

(a) Analyses 4.650'2W, 1. 0% Zr, 0, 15% Y, 0. 052%le C, 0,022so0, and 0.028% N.

TABLE A -; 7. EFFECT OFr TEMPERATURE ON THE TENSILE

PROPER'TIES OF AS-1bS BAR A ND SIIEFT(a)(I)

Tensile Yield Streength

I elpeatl ire, Srrength, (0. 2% Offset), E logationl,

F 10"l0 psi 1000 psi per cent

Stress-Relieved Bar, Warm Swaged, Illour at 1800 -', 181 VIIN

FIT 84.7 6b.4 22

1600 58.0 50.0 12

2000 40.0 38.3 15

'2500 30. 28.0 24

21,00 14.1 12.4 44

Recrvstailied Sitee, Cold Roiled. Illos1 at 2.300 F, 135 VIIN

1T 67.8 '5.53 28

1600 41. 1 23.3 22

2000 37.0 18.2 24

2200 -24.0 - -- 150

(a) Atalayses 4.6.5% W, 1. 0% Zr, 0. 151, Y. 0. 052% C', 0. 022•'Y 0, and 0. 0281k N.
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FIGURE• A-66. STR•ESS-RUPTURE PROPERTIES O:F AS-55(1)

Analyses 4.65% W, 1. 0% Zr, 0. 15% Y,0.05-20% C 0. 022% 0, and

0.0OZ8% N.



A- 133

4. Metallurgical Properties

a. Fabricability: amenable to breakdown by forging as well as extrusion; tempera-

tures in the region of 2000 to 2500 F are used, and large reduc-

tions can be made between anneals; following breakdown, billets

can be converted to other wrought forms with relative ease; cold

or ",,arm rolling of thin sheet has been accomplished without
'.ifficulty i )

b. Transition temperature: <RT{I)

c. Weldability: weldments produced by the TIG process are quiLe ductile in the as-

welded condition; however, the low-temperature ductility of such

welds is adversely affected by exposure to temperatures in the

range 1600 to 1800 F(l)

d. Stress-relief temperature: I hour at 1800 F for warm-swaged bar(l)

e. Recrystallization temperature: I hour at 2600 F for cold-rolled shect(
l

)
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Cb-10W- lZr-0. IC

I. Identification of Material

a. Designation: X-110, D-43 (Du Pont)

b. Chemical composition: Table A-68

c. Forms availablc: ingot and fabricated shapes on a bust efforts basis

TABLE A-tG8. CriEMICAL OMPOSITION OF EXTRUDED D-43 BAR AND SHEET(l)

Amount Present

Sample Weight Per Cent PPM

Form l",oation W Zr C o H N

Extruded bar, 283 Front 8.2 1.4 7125 22 6 37

1/3 back 10.5 0.9 830 46 4 36

2/3 back 10.3 0.93 885 44 10 37

Back 10.2 0.97 855 02 U 45

Extruded bar. 284 Front 8.4 1.3 1140 19 5 38

1/3 back 10.0 0. 92 1175 40 6 33

2/3 back 10.2 0.94 860 41 4 35

Back 10.1 0.94 1045 46 4 33

Shect, 0.063 inch 10.0 C. 95 950 64 1 38

Sheet. 0.040 inch 9.8 0.94 920 50 3 33

Sheet, 0. 020 inch 10.8 0.97 1005 60 1 32
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2.. Physical Properties

a. Melting point: 4700 F (approximate)( 2 )

b. Density: 0.326 lb/in. 3(Z)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-69 through A-71

Tensile yield strength; Tables A-69 through A-71

Elongation: Tables A-69 through A-71

Reduction in area: Table A-69

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-7Z and A-73

Tensile yield strength: Tables A-72 and A-73

Elongation: Tables A-71 and A-73

c. Creep and Stress-Rupture Properties

Figure A-67

d. Other Selected Mechanical Properties

Bend ductility: IT bend radius at room temperature for sheet (0. 040 inch)
inaterial(Z)
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TABLE A-69, ROOM-TEMPERATURE TENSILE PROPERTIES OF D-43 EXTRUDED TUBE BLANKS(aX3)

Tensile Yield Strength

Strength, (0. 2% Offset), Elongation in Reduction in Are4,
Condition 1000 psi 1000 psi 4D, per cent ner cent

As extruded 94.0 78.0 18 67
93.2 76.8 17 56

Annealed I h, 2200 F 90.0 69.9 21 63

96.7 70.1 28 65

Annealed 2 hr 2600 F 78.5 59.1 24 62

80.1 59.5 31 64

(a) Test rate 0.005 inch per inch per minute to yield, and 0.05 inch per inch per minute to failure.

TABLE A-70. ROOM-TEMPERATURE TENSILE PROPERTIES OF STRESS-RELIVED

D-43 SHEET (0. 040 INCH)(a)(2, 4)

Tensile Strength, Yield Strength (0.2% Offset), Elongation in 1 Inch,
1000 psi 1005 psi per cent

9b- 100 75-80 14-18

(a) Stress relieved I hour at 2200 F, T st rate 0. 05 inch per inch pot minute. Typical analyses

10.2%W, 0.971/. Zr, 0.08% C, 0.0125% 0, and 0, 040%•,N.

TABLE A-71. ROOM-TEMPERATURE TENSILE PROPERTIES OF STRESS-RELIEVEI)

D-43 SHEET(aX1)

Thickness, Tensile Strength. Yield Strength, Elongation,

inch 1000 psi 1000 psi per cent

0.020 82.0 66.3 12.5
78.7 69.2 12.5

0.040 84.1 75.2 12.2

85.4 70.7 12.4

0.063 84.1 75.6 14.5

84.0 75.9 13.5

(a) Stress relieved at 2200 F. Test rate 0. 005 inch per inch per minute to yield, titen 0. 05 inch
per inch per nunute to failure. Analyses are given below:

Thickness, Weight Per Cent PPM

inch W Zr C 0 H N

0. 020 10.0 0.97 10015 60 1 32
0.04M) 9.8 0.94 920 50 3 33

0. 0013 10.0 0.95 950 64 1 38
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TABLE A-72. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF S'I'!,ESS-PELIEVED 1--43 SHEET (0. C,4n) NCH)(a)(2, 4)

Tensile Yield Strength

Tispeat-, Strength, (0. Offset), Elongation in I Inch.
F 1000 psi 1000 psi per cent

VT 90-IO '5-80 14-18
2000 46-48 39-40 14-18
2200 34-37 23-27 14-20

2400 24-27 20-24 25-30

2600 12-15.5 12- 14 27-:15

(a) Stress relieved 1 hour at 2200 F. Test rate 0. 05 inch per hinc per nminute. Typical analyses
10.2%/W, 0.907%Zr, 0.080%,C, 0.0125%O, and 0,040% N.

TABLE A-73. TENSILE PROPEIRTIES OF STRESS-RELIEVED

1D-4C SHEET AT 2'2200 F(aXI)

Thickness, Tensile Strength, Yield Sl rclgth, Elongah ion,

inch 1000 psi 1000 psi per cecnt

U. 020 30.5 27.8 12
30.0 26.9 8

0.040 37.0 34.2 10
37.0 34.8 12

0.063 37.0 34. 1 16

36.8 33.6 13

(a) Stress relieved at 2200 F. Test rate 0. 005ih inch Per inich Pe tirute to yield, then 0. 0 einch per
inch per minute to failnre. Analyses are given below:

Thickness, Weight Per Cent PPM
inch W Zr C 0 Hi N

0.020 10.8 H 0.97 1005 60 1 31

0.040 9.8 0.94 720 50 3 33

0. 0c3 10.0 0. 95 9050 04 1 38
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4. Metallurgical Properties

a. Fabricability: after high-temperature breakdownz using conventional practices,

final working operations are readily conducted at roomn

temperature(
4 )

b. Transition temperature: <-100 F based on bend-test resnlts(2)

c. Weldability: sheet material .s ductile as welded; transverse weld bend tests can

be bent over a ZT radius, >90 degrees, without cracking(Z)

d. Stress-relief temperature: 1 hour at 22.00 F for sheet material( 1, 4)

e. Recrystallization temperature: I hour at 2400 F for sheet material"
2

)
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Gb- lOW- 2. 5Zr

1. Identification of Material

a. Designation: Gb-752 (formerly Cb-74, Haynes Stellite)

b. Chemical composition: Table A-74

c. Forms available: ingot and most mill products

TADLE A-74. SELECTED CHEMICAL ANALYSES OF Cb-752

Amount Present, weight per cent

Nominal. Ingot Sheet

Element Ref. (1) Ref. (2) Ref. (2) Ref. (2) Ref. (3) Ref. (3) Ref. (3) Ref. (2) Ref. (2) Ref. (2) Ref. (4) Ref. (4)

W 10.0 8.48 9.40 10.49 10.06 10.49 10.20 .. .. .. 9.45 10.04

Zr 2.5 1.90 2.45 2.54 2.45 2.54 2.46 .. .. . 2.45 3.23

C 0. 0040 0.0200 0.0100 0.0030 0.004 0.003 0. 002 .. .. .. 0.01 0. 021

0 0.0000 0.0290 0,0270 0.0040 0. 005 0.004 0.010 0.0141 0.0179 0.0133 0.02= 0.04'7

[1 0. 0000 0.0031 0. 0024 0.0007 0. 0000 0.0007 o. 0006 0.0003 0.0007 0.0004 0.0024 0. 0043

N <0. 0100 0.0050 0.0040 0.0100 <0.010 <0.010 <0. 010 0.0084 0.0029 0.0057 0.004 0.004

2. Physical Properties

a. Density: 0. 326 lb/in. 3

b. Thermal expansion: Table A-75

c. Thermal conductivity: Table A-76
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TABLE A -78, LINEAR COEFFICIENT OF THERMAL

EXPANSION OF Cb-'762(
3
)

Mean Linear Thermal Expansion

Temperature Range. Coefficient, 10"6/F Over

F Temperature Ranges Shown

68-200 3.8

68-400 3.9

68-600 3.9
68-800 4.0

68-1000 4.0

68-1200 4. 1

68-1400 4.1
68-1600 4.2

68-1800 4.3

68-2000 1.4

68-2200 4.5

TABLE A-76. TI1IFRMAL CONDUCTIVITY OF
CIh-'Th FROM 500 -O1 2400 I:0)

Te'npera tre, "I hernial Crndnctivily,

F Btnr/(ft
2
) (hr)(F/ft)

300 22,0

600 2:,. 0
'700 23.8

800 24.1

900 25.2
1000 25.8
1100 26.4

1200 26.8
1300 27. 2

1400 27.6
1500 28. 0
1600 28, 3

1700 208.5

1800 28.6

1900 28.7
2000 28.8

2100 28.9
2200 29. 0
2300 29.1

2400 29.2
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-77 through A-82

Tensile yield -. ,gth: Tshle3; A-77 .hrnirgh A-82

Elongation: Tables A-77 through A-82

Reduction in area: Tables A-77 and A-78

Modulus of elasticity: 15.03 x 106 psi(
3 )

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-83 through A-89

Figure A-68

Tensile yield strength: Tables A-84 through A-89
Figure A-68

Elongation: Tables A-83 through A-89
Figure A-68

Reduction in area: Table A-83

Modulus of elasticity: Table A-90

c. Notched Tensile Properties

Table A-91

d. Creep and Stress-Rupture Properties

Tables A-92 through A-94
Figure A-69

e. Other Selected Mechanical Properties

Impact: Table A-95

Bend ductility: both longitudinal and transverse recrystallized (1 hour at
2Z00 and 2800 F) sheet (0. 035 and 0.010 inch) specimens

exhibited a I to 3T bend radius at room temperature(
2

)

Shear strength: Table A-96

Bearing strength: Table A-97
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TABLE A- 7. Kt-OT-IEMPLfA uIRE TENS XE PROPERTIES OF ANNEALED Cb-74 UPSET FORGIaGs(a)(5)

Forging Upset Tensile Yield Strength Reduction in

Temperature, Reduction, Strength. (0.2% Offset). Elongation, Area,

F per cent 1000 psi 1000 psi per cunt per cent

2200 42 100.6 22. S 9 7
2400 47 102.6 84.0 13 9

2000 4, 100.6 88.9 6 5
2200 ql 101.9 85.3 35 34

2400 13 103.3 87. 1 25 14

2600 71 102.25 66. 7 13 8

(a) Annealed I hourir at 2400 F. nminal iowposii inn Ch-l OW -,SZr.

TA1IE A -78. llOOM-TRIPsIIATIIRF TENSILE PROPERTIES (11:
CG-752 BAR (0. 250-INCI1 DIAMETER)(aX:t)

Tensile Yield Strength, Reduction

Strength, (0. 2% Offset). Elongation, i n A rea,
1000 psi 1005 psi per ccitt per eut

85.9 68. 0 31 70

99. i 70.6 26 30

0'. 5 68.9 33 69
85.1 65.8 31 63

80. 9 68.9 30 64

86.9 68.3 32 70

(a) Test rate 0. 005 inch per inch per irinute to yield, thenr 0, 05 inch per inch per

iniuite to fauthsr. Atralyses 10. 2%W, 2, 7% Zr. 0.007% C, 0.015% 0, 0.0006% HI,
and 0. 004% N.
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TABLE A- 79. EFFECT OF SHEET THICKNESS ON THE ROOM-TEMPERATURE TENSILE
PROPERTIES OF Cb-752(a)(

3
)

Tensile Yield Elongation
Gage, Strength, Strength, ill Inch,
inch 1000 psi 1000 psi per cent

.012 '78.0 59.3 23

.018 73.3 53.8 27

.018 80.8 62.8 21

.030 80.8 63.0 26

(a) Average data for three tests.

TABLE A-80. ROOM-TEMPERATURE TENSILE PROPERTIES OF Cb-lb2 SiHEET(a)(S)

Tensile Yield Strength Elongation

Gage, Strength, (0. 2% Offset). in 1 Inch,
Heat inch Direction 1000 psi 1000 psi per cent

7 .012 I, 76.0 59.0 20

'7 .012 T '74.0 b7.4 16
'7 .018 T 77.8 61.4 22
8 .012 L 79.1 65. 9 15
8 .018 T1 87.4 69.7 23
8 .030 L 85.2 70.5 20

17 .012 T 78.5 ',8.5 19
17 .018 L 76.6 b8.4 25
1l .018 T 79.5 b9.0 21
17 .030 11 83.6 70.0 24
17 .030 T 87.8 68.9 17

(a) Average data for three tests. Test rate 0. 005 inch per inch per minute to yield, thel 0. 05 inch

per inch per minute to fracture.

Ingot Composition, weight per cent
Heat ,I Zr C 0 H N

"1 10.06 2.45 U. 004 6.005 0.0006 <0. 010

8 10.49 2.54 0.003 0.004 0.0007 <0.010

17 10.20 2.46 0.002 0.010 11.0006 <0.010
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TABLE A-81. EFFECT OF ANNEALING ON THE ROOM-TEMPERATURE TENSILE PROPERTIES

OF Cb-7h2 SHEET (3. 030 INCH)

Tensile Yield Strength Elongation

1-Hour Annealing Strength, (0. 2% Offset), in 1 Inch,

Temperatnur, F 1000 psi 1000 psi per cent

Heat 1 0 (a, b)(4)

2 2 0 0 (c) 85.1 (L) 70.2 (L) 21 (L)

89. 6() 71.3(T) 23(T)

2 3 0 0 (d) 84.0 68.3 26

Ileat 11(a, e)(4)

22 0 0(c) 87.4 75. 0 1b

2300(f) 80.2 065.4 22

Heat 29(g)(3)

1900 96.4 87.8 13

2000 91.1 P1.0 16

2100 81.4 67.8 21

2200 81.3 64.6 25

(a) Test rate 0. 005 inch per inch per minute to yield, then 0.02 inch per inch per minuite

to failure.

(b) Analyses 9.45% W, 
2
.456%Zr, 0.01%C, 0.027%0, 0.0024%H, and 0. 004u N.

(c) Average data from two tests.
(d) Average data from eight tests.

(e) Analynee 10.04%/ W, 3,2316 Zr, 0.027%G, 0.047%0, 0.0043% 11, and 0.004% N.

(f) Average data from ten tests.

(g) Average data from four tests. Test rate 0. 005 inch per inch per minrue to yield, then
0. 05 inch per inch per minnite to failure.
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TABLE A-82. ROCM-TENIPERATURE TENSILE PROPERTIES OF Cb-752 REROLL STOCK AND FINISHED FOIL(aX6)

Tensile Yield Strength Elongation

Coil Gage. Recrystatllzation, ASTM Test Strength, (0.2% Offset), in 2 Incihes.

Identification inch per cent Grain Size Direction 1000 lflnnl __________

Rerol! Foil Stock

752-1.-2 0.031 50 9.5 [, 84.,6 69.3 22.9

T 86.' 65.7 21.0

Finished Foil

752-1 0. 006i 90 10.0 L H5. 5 68.1 22.0

T 88.6 69.0 21.0

752-2 0.002 100 9. 5 L 98.8 79.1 13.5

T 113. 3 91,1 8.4

(a) Test rate 0. 005 inch per inch per minute to 0.2 per cent yield, then 0. 05 inch per inch per minute to failure.
Analyses are as follows:

Coil Gage, Weight Per Cent PPM

Identification inch W Zr 0 N C It

Reroll Foil Siock

752- 1, -2 0.031 9.95 2."5 75 138 40 <[0

Filished Foil

752-1 0.006 .. .. 115 112 45 4"<

752-2 0.002 .. .. 140 162 G0 <10

TABLE A-d83. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES OF UPSET FORGED

AND ANNEALED Ch-74(a)(5)

Tensile Reduction

Temperature, Strength, Elongation, in Area,

F 1000 psi per cent per cent

1000 70.4 30 86
2000 52.0 53 88

2300 34.4 86 99

2600 24.5 118 99

(a) Forged 75 per cent at 2200 F, annealed I hour at 2400 F. Nosninal composition

Cb- 10W-SZr.
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TABLE A - A4. EFFECT OF TEMPERATURE AND THE TENSILE PROPERTIES OF Cb-752
BAR (0. 250-INCH DIAMETER)(a)(

3
)

Tensile Yield Strength

Temperature, Strength, (0.2% Offset), Elonpation,
F 1000 psi 1000 psi per cent

RT(b) 87.2 68.5 31

750 58. 4 39.8 30

h9.5 41.7 38
G2.3 39,5 32

W900 52.5 36, 2 28

5r.(; 36.3 30
. 36.9 .29

2000 359. 1 28.5 29

36.4 27., 43
35.1 216, 3 30

2400 20.5 18. 2 43
26.4 20.8 42

25.9 19.9 38

(a) Test rate 0. 005 inch per itch per minute to yield, then 0. 05 tich per inch per misete to
failure. Analyses 10.2%W, 2.7%Zr, 0.007% C, 0.015%/0, 0.00061%11, and 0.004%N.

(b) Average data from six tests.
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TABLE A -85. TENSILE PROPERTIES OF ANNEALED Cb-752 SHEET

(0. 030 INCH) AT 2200 F(a)(
4

)

Tensile Yield Saength Elongation

Strength. (0.2% Offset), in 1 Inch,

1000 psi 1000 psi per cent

Heat 10(b)

26.2 17.2 27

26.7 18.8 27

[teat 11(C)

34.2 22.8 29

31.7 20. t3 33

(a) Annealed 1 hour at 2200 F. Test rate 0.005 inch per inch per minute to

yield, then 0. 02 inch per inch per minute to failure.

(b) Analyses 9.45% W, 2,45% Zr, 0.01% C, 0.027/% 0, 0.0024%016H, and

0. 004% N.

(c) Analyses 10.04-/,W, 3.23% Zr. 0.0270/oC, 0.047%,0, 0.0042% H, and

0. 004% N.

TABI.E A-86. EFFECT OF ANNEALING ON TilE TENSILE PROPERTIES OF Ch-752

SIhEET (0. 030 INCH) AT 2200 F(aX
3
)

Tensile Yield Strength Elongation

I -Hour A nnea ling Strength, (0. 2% Offset), in 1 Inch,

Temperature, F 1000 psi 1000 psi per cent

1900 35.5 30. 1 28

38.0 32.2 30

2000 34.9 27.4 30

33.9 20.3 24

2100 32.6 28., 31

30.5 20.0 32

2200 33.1 28.5 29

31.0 26.7 42

(a) Test rate 0. 005 inch per inch per mituuc to yield, then 0. 05 inch per inch per minute

to failure.
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TABLE A-li. ELEVATED-TEMPERATURE TENSILE PROPERTIES OF Cb-752 SHEET(aX3)

Tensilc Yield Strength Elongation irs

Temperature. Strength. (0.2°1o Offset), 1 Inch.

F 1000 psi 1000 psi per cent

2000 42.9 31.7 20

41.4 31.3 15

2200 33.5 26.1 28

29.6 25.8 22

33.3 26.4 26

2400 23.1 18.2 49

22.9 19. 1 38

(a) Test rate 0. 05 inch per inch per minute.

TABLE A-88. EFFECT OF TE MPERATURF ON THE TENSILE PROPERTIES OF Cb-71i2 SHEET
(0. 030 INCH)(a)(1)

'rTnsile Y ield Strength Elongation in

Temperature, Streng)lt, (0. 20/oOffset), 1 Inch,
F 1000 psi 1000 psi per cent

RT 83.6 69.9 24
1000 b3.8 36.9 18

2000 42.0 23.4 25
2200 36,0 23.4 33

2400 26.9 18.4 32

(a) Test rate 0. 005 inch per inch per mninute to yield, then 0. 05 inch per inch per minute
to failure.

TABJLE A-89. TRANSVERSE TENSILE PROPERTIES OF RECRYSTALLIZED Cb-752 SHEET
(0. 035 INCH) AT ROOM TEMPERATURE AND 2700 r(a)(9)

Tensile Yield Elongation In

Temperature, Strength, Strength, Inch.
F 1000 psi 1000 psi per cent

RT 85.3 70.5 24

86.3 71.4 23
89.6 75.9 21

2700 16.9 16.6 >,51

17.1 16.8 >51
17.0 16.7 >56

(a) Recrystallized 1 hour at 2200 F. Test rate 0.005 inch per inch per minute to 0.0 per cent

yield, then 0.05 inch per inch per minute tofracture. Analyses 9.4%ooW, 2.4501 Zr, 0.0270%00,

0.004% N, 0. 0024% H, and 0.0100% C.
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TABLE A-90. DYNAMIC MODULUS OF ELASTICITY OF Cb-7.52

FROM ROOM TFEMPERATURE TO 700 F("'

Temperature, Dynamic Modulus of

F Elasticity, 10W psi

RT 16.03

100 15.02

200 15. 00
300 14.98
400 14.95

500 14.90
600 14.87
700 14. 48(a)

(a) Accuracy of this point is questionable.

TABLE A-I1 IOOM -TEMPFRATIIJRE NOTCH TENSILE PROPERTIES OF

C -',52 SlIEET(a)(
3

)

Tensile Yield Strength

Cage, &t rcngilh, (0.2% Offset),
inch 100 psi 1000 psi

.012 73.9 68.2

74.09 "0.4

7-5. 9 9.3
7U.3 7A. n
71.4 69.1

.030 88.2 '1G. 9
85.7 '16.9
R6.4 '1.1
1501 '106.5

89.1 '78.7

(a) K t -3. H for 0.030-inch sheet. Test rate 0. 005 inch per inch per
minute to yield. then 0. 0.5 tnch per inch per minute to failure.
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TABLE A-92. STRESS-RUPTURF PROPERTIES OF UPSET FORGED AND ANNEALED Cb-74(a)(5)

Rupture Elongation Reduction

Temperature, Stress, Life. in 1/2 Inch. in Area,
F 1000 psi i ours per cent p-r cent

2000 58 (b) 40 "73

48 0. 1 57 W6
3M 3.1 '74

31 8.0 46 81

2300 28 0.2 G 0 88
24 0.6 80 84

16 3. 1 -- 93

2600 15 0.17 50G 75

13 0.8 150 85

10 1.3 108 91

"" 4,2 163 94

(a) Forged "75 per cent at 2200 F, annealed I hour at 2200 F. Nointinil composition Cb-IOW-bZr.

(h) Broke on loading.

TABLE A-93. CREEP AND STRESS-RUPTURE PROPERTIES OF Ch-q,52 SIlIET
(0. 030 INCH) AT 2200 F(1M

Stress, Rupture Timsec, MiunlltUtni Creep

1000 psi hours Rate, in./in./hr

20 1.0 0.19
18 12.7 0. 0o15

15 39.5 0. 0034
14 10G. 1 0.0020

13 149.0 0.00083

TABLE A-94. RUPTURE CHARACTERISTICS OF C0-752 SItEET

(0. 030 INCH) AT 2000 TO 2400 F(M)

Temperature, Average Initial Stress, 1000 psi, for.Ruture

F 1 Hour 10 flours 100 1lours

2000 21 22 18

2200 20 17 14

2400 15 11 8
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TAABLE A-95. IMPACT BEND TEST DATA FOR RECRYSTAIIIZEI) Cb-752SI-FET (0. 02'5 ICIN )
AT ROOM TEMPERATURE(aX

2
)

Energy Absorbed on

Test Condition Imnpact, ft-lb Results

I Recrystallieed 0. 96 Ductile bend
1 houLr at 2200 F

2 1.02 Ductile bend

3 1. 04 iluctito! belnd

4 0.90 Ductile bend

1. 18 Ductile bend

Average 1.02

Recrystallized 1. 34 Ductile bend
I hour ast 2800 F

1.2' Ductil• bend

8 1.23 Ductile bend

9 1. 3'? Ductile bend

10 1.45 Ducti te bend

Average 1. 33

(a) Bent over 4T radius, 55-degree angle, using a 2-1bh amumer at 11 feet per second. Analyses
9.4%W, 2.45%Zr, 0.02"70%O, 0.0040%/N, 0.0024% i, and 0.0I00%C.
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TABLE A - 96. SHEAR STRENGTH OF Cb-752 SHEET (0. 030 INCH)

FROM POOM TEMPERATURE TO 2400 F0)(
3
)

Shear Yield strength. 2. Cent ,f
're Perattire, t:, toffse , Tensile St.'rngth

F 1000 psi 1.1[)0 psi (Avcrag.)

RT 67.2 42.0
65.1 41. 6 85

68.8 43..0

1000 42.5 36. d
43.5 34.- 80

42. 7 32.8

2200 26.5 15.5
26.3 18.3 17
28.3 12.3

2400 20. 3 13.4

21,2 1u.8 78
22•.0 16.3

(') TInt rate 0. 0OW inch per inch pet loillnc to yield, then 0. 0:) inch per inch per minutc to fm lure.

TABLE A -97. BEARING STRENGTHt OF Cb-'757 SHEEr (0. 030 INCH)
FROM PBOOM .TIMPF:RAlt'IIR.T TO '4500

Bearing Bearing Yield Strength

Temperature, Strength, (0, 2% Offset),

F 1000 psi 1000 psi

RT 100. 9 93.1

104. 2 92, 0
100.1 90.5

1000 63.8 67.8

83.7 70.9

83.2 81.1

2200 46.5 39.4

62.0 47.8

68. I 50.6

2400 41. q 22.1

42.9 22.15

39.6 22.3

(a) The effective bearing area was taken as product of the hole diameter and the

thsickniess of lhe tesr speci men. rest rate 0. 005 inoch1 per iich per mlintte to yield,
then 0. 05 inch per inch per minutli to failure.
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4. Metallurgical Properties

a. Fabricability: can be readily fabricated using most conventional fabrication
practices and procedures, primary ingot breakdown must be
be done above the recrystallization temperature, while subse-

quent working to final forms may be done cold(
4

)

b. Transition temperaiure; Tablt A-i 9 -

c. Weldability: ductile welds are formed by conventional refractory-metal weld-
ing techniques; welds can be bent over a ZT radius, both parallel
and normal to the weld, at roonm temperature without exhibiting

any cracking; weld strength efficiencies of 94 per cent can be

achieved(
1

)

d. Stress-relief temperature: 1 hour at 1800 F(-)

e. Recrystallization temperature: effect of annealing temperature on recrystal-

lization and hardness of extrusions(5)

Temperature, Recrystallization, Hardness,

F per cent VHN

As extruded 0 Z60

2200 10 244

Z300 25 227

Z400 90 240

2500 100 238

2600 100 228

2700 100 232

Note: Data for Ch-74, nominal cotipositioli Cb-lOW -5Zr.

Table A-99
Figure A-70
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TA RiE A - Q8. BEND-TRANSITION BEHAVIOR FOR RECRYSTALLIZED

Cb-752 SHEET(a)(
2

)

Temperature,

Condition F Results

Fleat 6313, 0. 010 Inch(b)

Rocrystallizcd. 1 hr 2200 F -320 Ductile

-320 Ductile

-320 Ductile

Pecrystallized, 1 hr 2800 F -320 Brittle

-320 Brittle

-275 Brittle

-250 B rittle

-225 Ductile

-225 Brittle

-200 Ductile

-200 Ductile

[feat 6310, 0.035 Inclh(c)

RucrystatlJ zed, I fit 2200 F -320 Ductile
-320 Ductile

-320 Ductile

Recrystallized, I hr 200U F -390 Brittle
-250 Brittle
-200 Brittle

-175 Brittle
-1t0 Ductile

-150 Dlncti le
-150 Ductile

(a) Rain rate 10 inchIes pef minute, bend angle 90 to 120 degrees after spring back.

(b) Analyses 8.48% W, 1.901a Zr, 0.0290%o, 0. 0050% N, 0. 0031]o li, and 0.0200%C.
(c) Analyses 9.41kW, 2.45%Zr, 0.02'70%O, 0.00400,N, 0.0024%0/-H, and 0.0100, C.
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TABLE A-9". HARDNESS AND GRAiN SIZE OF ANNEALED Cb-762 SiEET 0)(2)

Gage, ASTM Hardness,
Hleat imi: (raln SIZe DPH

7 .(12 9 195
.018 10 186

* 030 t0 209

8 .012 8 2081

.018 8 213

.030 9 224

17 .012 9 19b
.018 9 196
.030 9 196

(a) Annealed 1 hour at 2200 F. An.lyse are as follows:

Composition, weight per cent
lieat W Zr C 3 II N

7 10. 016 2.4b 0.001 0. [;05 0. 00016 <0. 010

8 10. ,19 1.654 0. 003 0. 0 04 0. 0007 <0, ol 0
17 10.20 2.46; 0.002 0. 010 0.0000 <0. 010
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Analyses 9.40% W, 2.45% Zr, 0. 0270% 0, 0. 0040% N,
0.0024% H and 0. 0100%o C.
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Gb- lOW- 1OHf

1. Identification of Material

a. Designation: C-129 (Wah Chang)

b. Chemical composition: typical analyses of arc-cast materiaj(l)

Element Weight Per Cent

W 9-11
Hf 9-11
0 <0. 0300
N <0. 0150
H <0. 0020

C <0. 0100
Gb Balance

c. Focrns available: ingot and most mill products( 1)

2, Physical Properties

a. Density: 0. 343 lb/in, 3 (calculatod)(1
)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-100 and A-101

Tensile yield strength: 'Tables A-100 and A-101

Elongation: Tables A-100 and A-10t

Modulus of elasticity: 16. 0 x 106 psi( 1)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-102

Tensile yield strength: Table A-102

Elongation: Table A-lOZ

Modulus of elasticity: data given below(l)
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Temperature, Modulus of Elasticity,
F 106 psi

RT 16.0
2000 13.3
2500 12.2
2700 10.4

3000 8. 1

c. Creep and Stress-Rupture Properties

Figure A-71

d. Other Selected Mechanical Properties

Bend ductility: for sheet (0. 030 to 0. 040 inch) material at room temperature
tested at a ram rate of 10 inches per minutec1)

Condition Bend Ductility

Stress relieved, 1 hr 1800 F 120 degree IT bend
Recrystallized, 1 hr 2400 F 120 degree IT bend
Recrystallized, 1 hr 2800 F 120 degree IT bend

Impact: impact bend test results for sheet material at room temperature(2 )

Impact Energy Absorbed,
Condition ft-lb

Stress relieved, 1 hr 1800 F 1. 70
Recrystallized, I hr 2400 F 1. 39
Recrystallized, I hr 2800 F 1.41



A- 165

TABLE A-Ius. ROOMI-TEMPERATURE TENSILE PROPERTIES OF ARC-CAST C-129 SHEET

Sheet Tensile Yield Strength Elongation

Thieksnes:, Strength, (0.2ý'o offset), in 1 Inch.

Condition inch 1000 psi 1000 psi per cent Reference

Cold rolled(a) 0.030 130.8 (L) 122.2 (L) 4 (L) (2)

1-12.6 (T) 126.8 (T) 3 (T) (2)

Stress relieved (lI hr 0.030 12.13 (L) 100.5 (L) 16 (L) (2)

1800 F)(a) 113.9 (T) 103.7 (T) 01 (T) (2)

Stress relieved(b) -- 109.3 101.8 14 (1)

Reetystallized (I hit 0.010 81.0 70.1 21 (1)

2400 F)(b)

Recrystallized (I ]hr 0030 8,1.7 (1,) 70.7 (L) 30 (2)

2400 F)(a) 88.2 (r) 7:3.5 (T) 29 (2)

Recrystallized (l fir 0. 030 88. 1 ?2.2 26 (I)

2400 F)(b)

Recrystallized (I hr 0.040 88.5 71.6 26 (I)
2400 F)(b)

(a) Average valIuses for two tests. Test rate u. tO5 inch per inch per Ini litte to ). 6 pea cent

strain, then 0.05 itnc1h per itch per tsrirle to fracture. Analyses 9. 0-10. 4%/, W,

8.72-0.64% Hf. 0. O0WL/, C, 0. 00:30-0. 003,45 / N, 0. 00031% H, and 0. 0080-0. 02:30'y 0.

(b) ryptcal analyses 9-11o W, 9-1 L -o HI, <0.03007/,, 0. <0.01540io N, <0.0020w/ H,

<0.0104. C, bal Ci.
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TABLE A-tll. ROOM-TEMPERATURE -ENSILE PROPERTIES OF C-129 REROLL FTOCK AND FINIS' -.D FOIL(aX
3
)

Tensile Yield Strength Elongation

Coil Gage, Recrystallization, ASTM Test Strength, (0.2"] Offset), in 2 Inlches,
identification inch per cent Grain Size Direction I000 psi 1000 pi per cent

Reroll Foil Stock

129-1.-2,-3 0.050 100 5.0 L 90.1 71.2 30.0

T 91.4 11.5 30.0

Finished Foil

129-2 u.012 i00 1.5 L 92.1 '72.1 26.5

T 92.0 73.4 27.0

129-3 0.012 100 8.0 I. 90.8 73.0 29.5
1 U-4.2 76.01 28.5

129-L 0.006 100 9.0 L U1.0 74.7 22.0
T 93.1 76.3 28.8

(a) 'est rate 0.005 inch per inch per minute to 0.2 per cant yield, then 0.05 incd per incih per stlnmste sto failure.

Analyses are as follows,:

Coll Gage, Weight Per Cent PPM

Identification inch W [if Zt 0 N C I!

Reroll Foil Stock

129-1.2.3 0.050 10.9 9.7 0.3 60 88 95 <5

Finished Foil

129-2 0.012 ------ 140 68 125 <5

129-3 0.012 .. .. ..- 120 57 110 <5
129-1 0..006 --- 125 68 90 <5
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TABLE A- 10:'. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF ARC-CAST C- 129 SHEET

Tensile Yield Strength Elongation

Temperature, Strength. (0. 'Y/n Offset), in 1 Inch.

F 1090 psi 1)00 psi per cent

Stress Relieved I ilour at 1800 F, 0.030 Inch(a)(2)

RT 112.3 (L) 100.5 (L) 16 (L)

113.9 (T) 103.7 (T) 13 (T)

8oo8., 72.7 9

1200 83.2 76.2 6
2000 47.8 39.6 30

2500 21.1 (L) 19.8 (L) >65 (L)

21.8 (T) 20.3 (T) >73 (T)

2700 17.9 17.3 >47

3009 11.9 11.2 >49

Stress Relieved 1 Hlour at 1800 F(b)(1)

RT 109.3 101.8 14

2000 49.0 36.6 28

2500 20.7 16.9 >67

2700 1.5.2 14.8 >41

3000 9.8 9.3 >bt

Recrystallized I flour at 2400 F, 0. 010 Inrch()( I)

RT 81.0 70. 1 21

2000 40.8 30.6 5

2500 24.0 22.2 >110

27o0 19.1 18.5 62

3000 12.8 12.6 61

Recrystallized I flour at 2400 F, 0.030 lrch(a)(2)

RT 84.7 (L) 70.7 (L,) 30 (L)

88.2 (T) 73.5 (T) 29 (T)

600 59.0 45.4 24

19010 59.1 3G.1 17

20o0 39.2 29.1 42

2500 21.8 (L) 20.1 (L) >37

22.0 (T) 20.5 (T) >57

27o0 18.3 17.5 >59
3o00 12.3 ii. ) >54

Recrystallized I ][onr at 2,M0w F, 0.030 Inch(b)(1)

RT 89. 3 72.2 26

2000 45.0 30.5 25

2500 24.4 22.1 >53

2700 19.7 18.4 >41
3500 10.5 10.4 >62
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TABLE A- 102. (Continued)

Tensile Yield Strength Elongation
Temperature. Strength, (O.Ot/o Offset), in I Inch.

F 1000 psi 1000 psi per cent

.acd f.our at i.i> 2 ' n .... . c 1 ,c(b)(I

RT 88.5 1.1.5 26
2000 48.4 31.2 27

2500 20.1 23.1 >67
2700 20.4 i8. 1 41

2700 18.9 18.6 >71

3000 10.3 10.2 >62
3000 10.7 10.6 62

(1) Average values for two tests. Test rate 0.005 inch per inch per minute to 0. G per cent strain, then
0. 05 inch per inch per minnte to fracture. Analyses 9.6- 10, 4% W, 8. ",2-9.i4oo Hlf. 0. 0030% C.
0.0030-0. 0034% N, 0. 000% H, and 0. 0080-0. 0230% 0.

(9) Typical analyses 9-1 1. W., 9-11% if. <0.0W00% 0, <0.01510]o N, <0. 0020% H, <0.01001. C.
hal cb.
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Typical analyses 9-11% W, 9-11% Hf, <0. 0300% 0,
<0. 0150% N, <0. 0020% H, <0. 0100% C, hal Cb.
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4. Metallurgical Properties

a. Fabricability: arc-melted ingot can readily be hot extruded or forged to sheet

bar; warm intermediate rolling is done at 800 F followed by finish
rolling at room temperature(1)

b. Transition temperature: for sheet (0. 030 to (. 040 inch) material bend tested at

a 4T bend radius and 10 inchs por minute ra~n rate(-)

Transition Temperature, F

4T Brittle

Stress relieved, 1 hr 1800 F <-320 <-320

Recrystallized, 1 hr 2400 F -275 -300
Recrystallized, 1 hr 2800 F -200 -250

c. Weldability: readily weldable using the TfIG process; however, solution annealing
is required to restore good ductility(1)

d. Stress-relief temperature: I hour at 1800 F( 1 )

e. Rccrystallization temperature: Figure A-72
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Cb- 15W- 5Mo- 1 Zr

1. Identification of Material

a. Designation: F-48 (General Electric)

D-40 (Du Pont)

b. Chemical Composition: Table A- 103

c. Forms available: ingot and fabricated shapes on a best efforts basis

TABLE A-J03. SELECTED CHEMICAL ANALYSES OF F-48

Amount Present. weight per cent

ingot
Nominal. Top Bottom Top Bottom *rop Bottom Top Bolum i. Top Itottom Plate. plate. Rod.

Eleome.. Bef.(1)() Rd. (2)Y Bcf. (2)T) ltd. (6160) - Rf.(31rO Ref. (3r0oT e f.t(2)(d) Ref.( 4 )(d) Rot.(5)a)

Cb .7. 1 - -.
79.8

W 1 15.1 15.3 1%.6 15,% 13,8 14.5 13.U 13.1 L6.0 16.6 12.4 14.0 J."

1b.1 16
Mo 5 5.2 5.2 4.E 4.8 4.7 4.8 5.02 4.67 4.93 4.75 3.9 4.9" 5.10-

6.2 5.2
Zr t 0.08 1.10 0.9? 0.98 0.92 0.0 0,90 0.89 1.16 1.03 1.0 1.04- 1.0-

t. 13 1.4

To .... .. .. .. .. .. .. .. B. 10- --

B, 125
C 0.04-0.08 0. 0443 0.20320 0.0320 0.0430 0.0290 O 0.030 0.038 0.036 0.0,20 0. ( 0.0232 0.E035 0.0200-

0.039 0.0400
N -- 0. 0013 .06.17 0. 0041 0.0080 2 0.0017 0.0037 0.018 0.016 0.023 0.018 0.0036 0. 001- .0200-

0.002 0.0350
0 0.03-0.06 0. 0.210 0.0150 0.0180 0.0270 0.0210 0.0190 0.050 0.0160 0.01 0 3.019 0.0109 0.011- 0. 200 -

0.085 0. 0500
H .. .. .. .. .. .. .. .. .. . .. .. O. 0.0002- --

0.0004

(b) Allegheny Ludlam material.
(I) Wah Chang materall.

(d) Du Pont material. D-40.
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2. Physical Properties

a. Melting point: 4500 F (estimated)(1 )

b. Density: 0.34 lb/in. 3(1)

c. Thermal expansion: Figures A-73 through A-75

d. Thermal conduc tivity: Figures A- 76 and A-77
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FIGURE A-75. THERMAL EXPANSION OF D-40 IN THE LONGITUDINAL,

TRANSVERSE, AND 45-DEGREE DIRECTIONS(
4 )
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FIGUURE A 76. THERMAL CONDUCTIVITY OF F-48(1)

Estimated data.
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0.P0 00
QCOX

E D~

o 0.5 ___ Anolyses
C 0.55 ___-

Element Weight Per Cent

Cb 791-798

W 140-15.1
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0/ C 0.035-0.039
N 0.001- 0002

I- 0 0071-0.085
H C 0002 - 0.0004

0.45-

0,4

0.40 _____

0 200 400 600 800 f000

Temperoeiue, C

FIGURE A- 77. THERMAL CONDUCTIVITY OF D-40 IN THE

LONGITUDINAL, TRANSVERSE, AND 45-
DEGREE DIRF.CETIONS(

4 )
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-104 through A-108

Tensile yield strength: Tables A-104 through A-108

Elongation: Tables A-104 thrc ugh A-108

Reduction in area: Tables A-104 through A-106

Modulus of elasticity: 25 x 106 p1i(l)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-109 through A-11Z
Figures A-78 through A-82

Tensile yield strength: Tables A-109 through A-i1

Figures A-78 through A-81

Elongation: Tables A-109 through A-11z
Figures A-78 through A-82

Reduction in area: Tables A-10b, A-109, and A-110

Modulus of elasticity: Table A-113
Figures A-83 and A-84

c. Notched Tensile Properties: Table A-114
Figures A-85 and A-86

d. Creep and Stress-Rupture Properties: Tables A-106, A-115, and A-116
Figures A-87 through A-94

e. Other Selected Mechanical Properties

Impact: Figure A-95

Bend ductility: for stress-relieved (1 hour Z200 F) material(3)

Spring Back From
Specimen Number of a 105-Degree Bend,

Orientation Tests degree, Remarks

Longitudinal 4 7-1Z No cracking
Transverse 4 6-10 Slight to

severe cracking

45 degree 2 7-10 No cracking to

slight cracking
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Shear strength: data at room temperature and 1600 F have been deter-

mined for fastener material(
8

)

Type Diameter, Shear Strength, 1000 psi

fastener inch RT 1600 F

Bolt and nut 0.250 80. 0 46.5
-- 46.0

Solid rivet 0. 125 84.0 55.0
89.5 54.5

Table A-117

Bearing strength: Table A-118
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TABLE A- 104. ROOM-TEMPERATURE TENSILE PROPERTIES OF ANNEALED F-48 UPSET FORJINGS(a)(6)

Forging Upset Tensile Yield Strength Reduction

Temperature, Reduction, Strength, (0. 2'7ý offset), Elongation, in Area,

F per cent 1000 psi 1000 psi per cent per cent

2 3 0 0 (b) 48 119.2 99.9 10 7

2500 47 109.0 95.9 .!

2"00 47 .12.7 99.5 3

2700(b) 47 : 1 . 5 91.2 10 12

2300 "12 1 t 1. 7 99.7 0 1

2500 1I 119.4 99.5 b 8

2 7 0 0 (b) 70 1-20. 1 99.4 26 23

2700 712 116.7 91.7 10 14

2 7 0 0 (b) 72 110.3 85.6 25 38

(a) Annealed I hour at 2500 F.

(b) Annealed 1/2 hour at 1400 F prior to testing.

TABLE A-105. ROOM- TEKIPERATURE TENSILE PROPERTIES OF D-40 PLATE (a)(4)

Tensile Yield Strength Elongation Rjeduction

Strength, (1. 2% Offset), ill [/2 1inch, in Area,

Hear 1000 psi 1000 psi per ceii per cent

152 100.4 95.4 14 :131.0

99.5 89.7 6 1). 5

154 103.8 97.8 4 t. ?j

102,5 95.5 2 5.6

t55 117.4 96.11 4 7. 1

10 7 . 3 10 0 . :l I I '2 9.5

,156 108,7 97.3 8 13. I

97, I D7. i 0 0

157 107 R 94,44 16. 4

114.4 Ms. 2 6 D1.0

158 107.7 .6,8 8 1. 1

106.] 11;. 23 44.,3

159 105.0 96.9 r 1 1.7

161 106.4 103.2 w . 2.4

105.8 100,0 4 7.2

162 114.2 101. 7 12 21.0

111.7 100.0 4 16. 1

163 110.L !19.4 8 t! 0.5

108.1 104.4 2 2.5

166 114.3 14. 0 14 18.3

113.4 9f1.1 i 17. 1

174 117.3 105.2 10 12. I

118.2 105.2 12 1'.8

175 113.4 101. 2 8 14.8

110.8 100.5 12 23.8

215 108.3 101. 1 2 4.0

103.2 99.7 4 12.9
216 106. 1 D7.3 8 12.9

103.2 298.8 2 24
217 101%7 100.2 ]8 44.3

104.5 1 01.8 0 4.1
Average 108.7 98.6 7.3 14.3

(a) Tested tru.nsverse to tile extrusion direction. Test rate 0. 05 inichi per in [note crosshead speed. Chemical

ani lyscs for nma terial tested ate given ill Ta ble A- h';.
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TABLE A-106. CHEMICAL ANALYSES OF D-40 PLATE USED TO OBTAIN DATA GIVEN IN
TABLES A-O05 AND A-110 AND FIGURES A-87 AND A-88

Element, weight per cent
I-Teat Ch W Mo Zr Ta C N 0

152 79.6 14.5 4.89 0.99 0,36 .039 .002 .0038
154 78.9 15.0 4.82 1.01 0.36 .051 .001 .0046

155 79.7 13.3 4.99 n, 98 0.49 .044 .004 .0052
156 79.4 14, 6 4.87 1.01 0.24 .039 .003 .0073
357 79.8 14.0 5.10 1.04 0.145 .013 .004 .0051
158 79.7 14.3 4.88 0. 98 0.27 .039 .002 .0048

159 79.8 15.0 4.91 1.01 0. bO .043 .002 .0068
161 79.1 14.5 4.88 0.99 0.31 .038 .002 .00106
162 80.0 14.5 f, 05 .00 0.53 .033 .007 . 004,
163 80.0 14,3 5.00 1.0J 0.53 .039 .010 .0043
166 81.3 12,8 5.14 1.02 0.16 .041 .002 .0035
174 79,2 14.3 5.00 0.98 0.27 .030 .001 .0076

175 80.0 14.5 4.95 1.01 0. 5ý3 .037 .005 .0054
215 79.6 14.5 4.98 0.93 0,53 o0:13 .005 .0074
216 80.5 13.1 5.03 0,90 0.39 .037 .005 .0060
217 79,6 14,1 5.01 1.01 0.27 .036 .005 .0080
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TABLE A- 107. EFFECT OF STRAIN RATE ON THE ROOM-TEMPERATURIE TENSILE

PROPERTIES OF STRESS-RELIEVED F-48 SHEET (0.046 INCH~a)3)

Tensile Yield Strength Elongation in

Crosshead Speed, Strength. (0.2% Offset), I nl)h,

in. /main i non psi 10P1' psi p,:r cent

0.2 120 100 16.5

5 129 125 13.3

10 132 131.7 13.3

(a) Stress relieved 1 hour at 2200 F.

TABLE A-108. EFFECT OF TEST DIRECTION ON THE TENSILE PROPERTIES

OF F-48 SHEET AT ROOM TEMPERATURE(
3

)

Sheet Thickness, Test Direction

inch Propcirty olrolgitudinal Transverse 45 Degree

0.00 t Tensile Strengtth, 1000 psi 135 128 124

Yield Strength (0.%/v Offset), 1000 psi 61 '7 61

Elongation in 3/4 Inch, per cent 6 5 12

0.044 Tensile Strength, 1000 psi It0 112 38

Yield Strength, (0.2% Offset), 1000 psi 99 102 -

Elongation in 3/4 inch, per cent 13 B 0

0.048 Tensile Strength, 1000 psi -- 115 93

Yield Strength. (0.25oOffset), 1000 psi -- 100

Elongation in 3/4 lIch, per cent -- 9 0

0.051 Tensile Strength, 1000 psi 1015 109 --

Yield Strength (0. 2 per cent Offset), 1000 psi 96 99 --

Elongation in 3/4 Inch, per cent 14 9 --

0.060 Tensile Strength, 1000 psi 120 106 108

Yield Strength (0.]2% Offset), 1000 psi 107 104 99

Elongation in 3/4 Inch, per cent 14 2 20

TABLE A- 109. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF UPSET FORGED AND ANNEALED P-48(X)(6)

Tensile Yield Strength Reduction

Temperature, Strength, (C. 2% Offset), Elongation, in Area,
F 1000 psi 1000 psi per cent per cent

1000 8G.6 -- 26 68

2000 64.0 58.0 22 71

2300 50.0 46.0 30 88

2600 32.0 31.2 56 90

(a) Forged 75 per cent at 2100 F, annealed I hour at 2500 F.
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TABLE A- [10. TENSILE PROPERTIES OF D-40 PLATE AT 2'200 F (a)(4)

Tensile Yield Strength Elongation in Reduction

Strength, (J.,2 Offset), 0. 5 Inch, ill Area,
iceat 1000 psi 1000 psi per cent per ccitt

152 41.0 39.9 15.0 15.7

4o. 28,. 38.7

154 42.3 40.8 18.0 28.2

41.7 39.2 12.0 21,9

155 46.6 41.8 15.0 44.8

44.9 41.8 20.0 42.4

156 40.1 36.9 6.0 6.6

43.,2 40.0 30.6 33.5

157 42. 2 39.4 26.0 59,0

43. G 39.9 13.0 43.4

lotI 41.2 35. (; 30.0 70,6

43,1 38.6 26.0 29,8

[59 42.2 38.8 14,.6 31.7
42.0 38.0 23.9 34, 2

is 43.1 38.,9 24.0 :37.5
47.1 44.9 30.0 53.5

162 43.8 40.7 24.0 535.8

41.4 34,.4 28.0 64. 1

163 41.5 37. 1 18,0 26 ,'

43, 7 33. 0 24.0 36.2

166 41.0 31. 2 16.0 28.5

39.2 33.9 14.8 19.1

174 49.5 46.9 -- 70.3
49.6 41.3 40.0 77.0

115 43.5 37.1 16,0 17.2
48.1 4:3.7 20.0 461.

215 41,8 24.7 20.0 45.8
43.2 40.0 24.0 44.9

531 45.0 :17,5 36.0 65.1

.14.0 37.6 22.0 47.1

237 45.7 ,3 -- 45.2

40.9 41.3 16.0 23,9

A vcrage 413. 5 30.2 21.6 40.2

(a) T"c•ted tranrver~e to tile extrusion direction. Test rate 0.05 inch per mistsee crossitead speed. Chemical

analyse s for material tetied are given in Table A-100.
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TABLE A-lll. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES

OF STRESS-RELIEVED F-48 SHEET (0.049 INC11)(a)(
3
)

Temperature, Tensile Strength. Yield Strength (0. 2% Elongation in 3/4 Inch,
F 1000 psi Offset), 1000 psi per cenw

RT 122.7 111.3 16.3

121.9 109_.1 IG. 3
121 0 108.9 15.0

1000 86.5 77.8 8.8

1600 81.3 77.2 7.5

83.0 75.7 7.5
80,8 71.8 6,2

2200 40.2 36.9 41.3

2500 26,7 24.8 47.5

27.8 25.8 47.0

(1) Stress relieved I horn at 2200 F. Test rite V. 001 inch per inch per minute to yield, then 0.03 inch
per inch per mintlte to fracture.

TABLE A-112. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES
OF STRESS-RELIEVED F-48 SHEET (0.040 INC1I)(X)C

3
)

Temperature, Tensile Strength, Yield Strength (0. 2-, Elongation in I Inch,

F 1000 psi Offset), 1000 psi per cent

-65 136.5 125.0 17
139.9 127.2 12

RT 1217.0 190.0 16
118.2 94.4 17

1000 79.1 '75.8
83.8 '14.5 7

1600 '(8.5 72.5 8
79.2 72.2 7

2000 65.3 59.0 9
63.7 57.2 1 1

2200 53.1 45.51
53.8 48.1 1.

2350 45.2 3"9.1 ). 20
43.1 38.0 15

2500 32.3 27.9 36
34. 0 30.0 22

2700 24.8 22.8 55

24.3 23.7 54

(a) Stress relieved I hour at 2200 F. Test rate 0. 2 inch per minute crosslhced speed.
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TABLE A-113. EFFECT OF TEMPERATURE ON THE DYNAMIC

MODULUS OF ELASTICITY OF F-48(a)(
3

)

Teilperature, F Modulus of Elasticity, 106 psi

80 22.2

950 20.6
1180 18.1
1830 10.5

2060 7.5

2115 7.4

2250 7.3
2275 7

2425 7. 1
2470 5.8

2550 4.6

2680 4.4

2795 1.4

(a) Since a comnpensatlng estimation was factored into the formsula,
these data may be somewhat Inaccurate.
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'IGURE A-78. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF EXTRUDED, SWAGED, AND STRESS-RELIEVED F-48
BAR STOCK(1 )
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FIGURE A- 7 9. EFFECT OF TEMPERATURE AND TEST DiRECTION ON THE

TENSILE PROPERTIES OF D-40 PLATE( 4 )

Test rate 0. 05 inch Per minute c-rosshead speed.

Analyses 79. 1- 79. 8% Gb, 14.0-I15. I170 W, 4. 9- 5. 2% Mo,
1. 04-1. 13% Zr, 0. 10-0. 125% Ta, 0. 035-
0. 039% C, 0. 001-0. 002% N, 0. 071-0. 085% 0,
and 0. 0002-0. 0004% H.
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AI

; i:

Billet Chemnistry
W.Aeight Per Cent PPM

Location w Mo Zr C 0 N

Top 15.7 5.2 0. 99 443 Z10 13
Bottom 15..3 5. 2 1. 10 320 150 57



A- 188

4 . . . . .I I _ _

xJ M ... , • I, ,

I: : .... L........ .L I

We I i tF

Locaton ] o Z

Top 13. 8 4. 7 0. 92Z 9g0 210 17

Bottom 14. 5 4. 8 0. 98 330 190 37

FIGURE A-81. EFFECT OF TEMPERATURE AND TEST DIRECTION ON
THE TENSILE PROPERTIES OF STRESS-RELIEVED
F-48(Z)

Test rate 0. 005 per minute.
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1 .. .I T

20ii , I ,

II

60 0 00 40 00 200-

Billet Chemistry
Weight Per Gent PPM

Location W Mo Zr C 0 N

Top 15.6 4.6 0.97 320 180 41
Bottom 15.7 4.8 0. 99 430 270 85

FIGURE A- 81. (CONTINUED)
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FIGURE lol A- 1. 01 PCN I~j

"L°hi i l

Weight Per Cent PPM

W Mo Zr C 0 N

Finished Plate 12. 4 3. 9 1. 0 232 109 36

FIG0URE~ A-SI, (CONTINUED)
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FIGURE A-82. EFFECT OF TEMPERATURE ON THE TRANSVERSE TENSILE
PROPERTIES OF F-48 SHEET (0. 035 INCH)( 7 )

Average Composition

Element Heat 98554 Heat 98634

W 14.54 14.37
Mo 4. Z1 5.10
Zr 0.91 0.95
C 0.0300 0.0320
0 0. 0052 0.0040
N 0.0041 0.0040
H 0. 0008



A-192

25

20

S400 800 1200 1600 2000 2400

Tempercfure, F

FIGURE A- 83. EFFECT OF TEMPERATURE ON THE MODULUS OF

ELASTICITY OF F-48 AS DETERMINED FROM

STRESS-STRAIN MEASUREMENTS(
1 )
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FIGURE A- 84. EFFECT OF TEMPERATURE ON THE MODULUS OF

ELASTICITY OF F-48 AS DETERMINED FROM
DEFLECTION OF A SIMPLE BEAM WITH MID-SPAN
LOADING(Z)
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TABLE A- 114. ROOM-TEMPERATURE NOTCHED TENSILE PROPERTIES OF

STRESS-RELIEVEDt F-48 SHEET (0.049 INCH)CaX3)

Notched
Notch Notch Tensile Elongation
Radius, Width, Strength, In 3/4 Inch. Notched/lhunotched

inch inch Kt 1000 psi per cent Tensile Streugth Ratio

0.013 0.335 4.1 J21.8 1.0 1.0
119.9 1.0 0.99

0.003 0.423 8.3 106.1 2.0 0.88
105.1 1.0 0.87

(a) Stress relieved 1 hour 2200 F.
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4~--20 thread R~

16 41
0.125" ±0.001;" T

8 16 4 16 8

a. Unnotched Tensile Test Specimen

600_,

RN

T- 2 0 thread

-HoDo D1 4Ho

I ____________ Finished Dimensions
8Kt =3 Kt =6

DoO. 180 Do -0.180
D"0,O.125 D.0.i125

b. Notched Tensile Test Specimen Di 0i
RN= O.O06 RN =0.0015

A- 38984

k'IU U R1, A-85. UNNOICHED AND NOTCHED BAR-TENSILE TEST

SPECIMENS USED TO OBTAIN DATA SHOWN IN

FIGURE A-86
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Temperature, C Temperature, C

35 -200 -100 0 00 -200 -100 0 100

30 - 3500

I-I

250-

15200 "-O - . .

15 -- ) -- 15
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-40 1 30 20 0 -100 0 00 30 ~ -00 -0 20 -0 0 0 0

50 50 . h290

VO0 c0 E I0

"a. 75 - -20.o

'5 --c 100 25 o no-e pcm n r2 1

x Notch-unnatchred strength ratio
T a Fracture ot moximum load

FIGURE A-86. TENSILE PROPERTIES FOR WROUGHT AND RECRYSTALLIZED

ARC-MELTED F-48(
5 )

Unnotched Notched

Crosshead Speed,

in. /min 0. 0U 0. 005

Analyses: 15-16% W, 5.0-5. 2% Mo, 1.0-1.4% Zr,
0. 0200-0. 0400% C, 0.0200-0. 035% N,
and 0. 0200-0. 0500% 0.
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TABLE A-115. STRESS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED F- 4 8(aXQ)

Rupture Elongation Reduction

Temperature, Stress, Life, mi 1/2 Inch. in Area,
F 1000 psi hours per cent per cent

2000 60 0.4 26 74

55 1.8 26 71

44 14.1 28 81

2300 38 0.2 44 81

28 4.1 66 86
25 4.0 23 76

24 12.1 44 78

2600 23 0.3 76 82
17 1.2 94 86

11 11.3 106 90

(a) Forged 75 per cent at 2500 1, annealed 1 hour at 2600 F.

TABLE A-116. RUPTURE STRENGTHS OF STRESS-RELIEVED F-48 SHEET (0.040 INCHIaX3)

Stress to Produce Rupture,

1000 psi

Temperature, F 1 Hoour 10 Hours 100 Hours

1600 65 63 60

2060 45 38 30

2100 35 31 25
2200 34 26 20

2500 18 13.5 9

(a) Strets relieved 1 hour at 2200 F. Data taken from Larsen Miller plot, Figure A -3.1.
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I0% -� 411
U A Al I

-1-i- I
40.5% creep -4�'CA-� -� i-r-

II AU 0  II
Analyses

10 Element Weight per cent

Gb 79.1-79.8 -� -- - - ��1r
W 140-151 Creep,% ____

Mo 4.9-5.2 05 0
Zr L04-I.13 0 0 Longitudinal
To 0.10-0.125 U C Transverse
C 0.035-0.039 A A 45 degree
N 0001-0.002
0 0.071 - 0.085 I

H 00002-0.0004 ___ I

[0 -� I_________ -

Time, ticuoro

- - 1.0% cr -�

U

________________ _______ _______________ 1 _______________ ________

ci S-A -OA U- 2500 F --

0.5% cree7f -A- ___ _____

8 ____ ____ - A

10 100
Time, hours

FIGURE A- 87. CREEP BEHAVIOR OF D-40 PLATE AT 2200 F AND 2500 F�
4 �
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0k20

0 5 158 166 162 163

0.2 04 0.6 0.8 1.0 2 4 6 810o 20 40 60

Time, hrs

FIGURE A - 8 8. CREEP BEHAVIOR OF SEVERAL HEATS
OF D-40 PLATE AT 2200F(4

Chemical analyses given in Table A-106.
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FIGURE .k- -; CX.HEP ='•Ni3 STIKESS-IIUPTUitE Pi{OPWRTIES 01,"

EXTi{UDED, S\'•A.GED, AND S-I'RESS-!{ELIE]VED
t:-48 t3A!{ STOCK{l)

I/,, Stress rcilevcd ZOO0 F.

i',ar stock O.-l-inch dia:nctc,'.

lao, ... .. , .... .. . .... .. i ........ .

S20C0 F

o
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tf3

I
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A• 45743

Rupture hme, hours

t,'IGUIZI'.: A-'I0. STikI'255-I{UPTURlC PROPERTIES OF EXTRUDEI),

S•,',AGED, AND STRESS.I{ELIt']VED F--t8
t',AR STOCK(l}

Stress relieved 2000 F.

l',,tr stock 0.4-inch dian•eter.
Data at Zt00 l," estin•ated from Larson-Millcr plot.
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100 100

Rupture, read left scale

- x >(x

- - AA- A ----

C
0 Legend 8

_2100 F _

0 x 2300F 100
A 2500 F

I%7., Creep, read right scale

-X X

i I I I IIi I I I I i
10 100 1000 O,O000

Time, minutes A.45744

FIGURE A-91. CREEP AND STRESS-RUPTURE PROPERTIES OF COATED
F- 48 TESTED IN AIR AT Z100 TO 2500 F(-)

Billet Chemistry
Weight Per Cent PPM

Location W Mo Zr C 0 N

Top 15.7 5. 2 0. 99 443 210 13
Bottom 15,3 5. 2 1. 10 320 150 57
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'9 0 a Rolled Plate

Note: Numbers indicate per cent
elongation tn I inch

to

20 Forged Plate
21 23 Is

10 II III 1I 1 I I
10 100 1000 10,000

Time, minutes A-40745

FIGURE A- 92. STRESS-RUPTURE PROPERTIES OF F-48 PLATE

AT Z300 F( 2
)

Billet Chemistry

Weight Per Cent PPM

Location W Mo Zr C 0 N

Top 15. 6 4.6 0.97 320 180 41
Botton- 15. 7 4.8 0. 99 430 270 85
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252 4 2a

* 230 0 28

Note Numnbers indicoB per cent
elonootion in I inch

tO 100 1000 2500

Rupture Tim-le, minutes

*Weight Per Gent PPM

W Mo Zr C 0 N
Finished Plate 127.-43.1T.0_ 2321_093 6

l l J • I , f J • : , J JI , , ,

100

Rupture Time, minutes

Weight Per Gent PPM
W~cto Mo Zr C O N

Topshe 13.t 8 4.7 0. 92 2.90 Z3O 17 9 3

B04 0. 29 30

FU NoteA Numbers indicate per cent
I etongatton in I inch

I I I I It ~ I II I I J I I{] I I I

I0 100 IQ00
A•. 45864

Rtupture Time, minutes

Billet Chemistry

Weight Per Gent PPM

Location W Mo Zr C 0 N

Top 13.8 4.7 0.9 92. 90 210 17

Bottom 14. 5 4. 8 0. 98 330 190 37

FIGURE A-93. STRESS-RUPTURE PROPERTIES OJF F-48 AT 2300 F(Z)
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40C-

0.
o 30 0.

0

Cý 20
U)I

c-n P=T(20 + log t) x 10.3

10N

8
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1600 F 2000 F 2200 F 2500 F

I hr 4 I hr I hr I hr

40 44 48 52 56 60 64

p A-45747

FIGURE A-94. STRESS-RUPTURE CHARACTERISTICS OF STRESS-
RELIEVED F-48 SHEET (0. 040 INCH)( 3)

Stress relieved I hour at ZZOO F.
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I0
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--. 45 degree
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0
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0.H- 0, 1 ) 1
200 300 400 500 600 700 800
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Transverse
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10 -8--•' °
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Temperature, F A'45748

FIGURE A-95. IMPACT RESISTANCE OF D-40 IN THE LONGITUDINAL,
TRANSVERSE, AND 45-DEGREE DIRECTIONS(

4 )

Analyses 79. 1--79.8% Cb, 14. 0-15. 1% W, 4. 9-5.2% Mo,
1. 04-1. 18% Zr, 0. 10-0. 125% Ta, 0.035-
0.039% C, 0.001-0. 002% N, 0. 071-0. 085% 0,
and 0. 0002-0. 0004% H.
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TABLE A-l17. StIEAR STRENGTH OF STRESS-RELIEVED P-48 SHEET (0. 040 INCH)

FROM ROOM TEMPERATURE TO 2500 F(aX
3

)

Shear Shear Strength/
Temperature, Strength, Tensile Strength

F 1000 psi Ratio

RT 75.6 0.64

78.2

1600 43.8 0.5
42.7

2200 A7•8 2.71

34.6

2500 21.6 0.66

23.4

(a) Stress relieved 1 hour at 2200 F.

"TABLE A-118. BEARING STRENGTH OF STRESS-RELIEVED F-48 SIIEET (0.035 INCH)

FROM ROOM TEMPERATURE TO 2500 F(aX3)

Bearing Strength/ Beating. Bearing
Bearing Tensile Yield Yield Strength/

Test Toespcratlrte Strength, Strength Strength, Yield Strength

Direction P 1000 psi Ratio 1000 psi Ratio

Edge Distance 0.375 Inch (1.5d)

RT Longitudinal 180.0 1.5 154.6 1.5
194.0 1.6 163.4 1.6

RT Transverse 163, 1 -- 142.4
177.0 -- 145.8 --

IT" 45 Degree 186.2 -- 145,0 --

214.0 152.0

1600 Longitudinal 158. b 1.9 114.2 1.0
152.2 1.8 103.0 1.4

21,00 Longitudinal 76.6 2.3 55.3 1.8
q6.2 2.3 55.0 1.8

Fdte Distance 0. 500 Inch (2. 0d)

RT Longitudinal 163.5 1.3 148.3 1.4
162.0 1.3 145.0 1.4

RT Transverse 193.5 -- 148.1 --

203.0 -- 164.0 --

2500 Longitudinal 73.5 2.2 63.4 2.1

78.4 2.4 63.2 2.1

(a) Stress relieved 1 hour at 2200 F.
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4. Metallurgical Properties

a. Fabricability: extrusion (4:1) temperatures in the range 2.800 to 3200 F have
proved satisfactory; intermediate conversion steps depend to a

great extent on the specific equipment used; rough finishing tem-
peratures for mill products should be in the range 1800 to 2000 F

with furnace temperatures at 2000 to 2400 F; final passes may be

b. Transition temperature: <-40 F for stress-relieved ,1 hour at 2200 F) shueL
(0. 040 inch)(3)

d. Stress-relief temperature: 1 hour at 2200 F for bar and sheett
3

,
5

)

e. Recrystallization temperature: effect of annealing temperature on recrystalliza-

tion and hardness of extrusions and sheet

Temperature, Recrystallization, Hardness,

F per cent VHIN

Extrusions (6)

As extruded 0 291
2500 2 274

2600 20 272

2700 70 267

Sheet(3)

As reccived(a) 0 275
Z400(b) 25 255

2600 70 245

2700 75 245

Z800 80 248

3000 95 275

3500 100 305

(a) stress relieved I hor at 2200 F.
(h) All expossres for I hotr.

Recrystollozat ,i : 2

40 N _ 20

Hordness
60 s2800

As 22C0 2400 2600 aco 3o900 3200
Swoged I -towr nnMheohr Temperoum, F -5749

FIGURE A-96. RECRYSTALLIZATION BEHAVIOR OF EXTRUDED

(-4:1) AND SWAGED (-85 PER CENT) F-48 BAR(
1

)
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Cb- 15W-5Mo--5Ti- 1Zr

1. Identification of Material

a. Designation: F-50 (General Electric)

b. CniciLaI uul inipultion; nomninal anaiyses'-,

Element Weight Per Cent

W 15

Mo 5

Ti 5

Zr I

C 0.04-0.08

0 0.03-0. 06

c. Forms available: ingot and fabricated shapes on a best efforts basis

2. Physical Properties

a. Melting point; 4400 (estimated)(')

b. Density: 0.33 lb/in. 3(1)

c, Thermal expansion: linarrn corffirient is estimated to be 5.0 x 10-
6

/F
(75-o100 ')

d. Thermal conductivity: estimated to be 20 Btu/(ft:
2

)(hr)HF/ft) at 75 F(0)

3. Mechanical Properties

a, Tensile Properties at Rooi 'reinperature

Ultimate tensile strength: 1H3,000 psi for extruded, swaged, and
stress-relieved bar stock(l)

Tensile yield strength: 80,000 (0.? per cent offset) for extruded

swaged, and stress-relieved bar stock(CI

Elongation: 25 per cent for extruded, swaged, and stress-relieved

bar stock(
1

)

Modulus of elasticity: Z4 x 106 psi( I)
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b, Effect of Temperature on Tensile Properties

Ultimate tensile strength: Figure A-97

Tensile yield strength: Figure A-97

7ic--iia iU r-- A - 37

Modulus of elasLicity: Figure A- 98

c. Creep and Stress-Rupture Properties

Figure A-99
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FIGURE A- 97. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF EXTRUDED, SWAGED, AND STRESS-RELIEVED F-50
BAR STOCI(C1)

FIGURE A-98. EFFECT OF TEMPERATURE ON THE MODULUS OF
ELASTICITY OF F-50%1)

Data from stress-strain measurements.

FIGURE A-99. STRESS-RUPTURE PROPERTIES OF EXTRUDED, SWAGED,
AND STRESS-RELIEVED F-50 BAR STOCK(1 )

Stress relieved 2000 F.
Bar Stock 0. 4-inch diameter.
Data at 2400 F estimated from Larson-Miller plot.
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4. Metallurgical Properties

a. Fabricability: extrusion (4:1) temperatures in the range 2800 to 3200 F have
proved satisfactory; intermediate conversion steps depend to a
great extent on the specific equipment used; rough finishing tem-
peratures for mill products should be in the range 1800 to 2000 F

.ith fu ..• cItI-P-, aLctt- mt Z000 tO W 4tu P. Ji.fl4i. passes inay
be performed at lower temperatures(1)

b. Transition temperature: slightly below RT

c. Stress-relief temperature: I hour at Z000 to 2Z00 F for extruded and swaged

bar(')

d. Recrystallization temperature: Figure A- 100

0 A--,310

20- 3100

40- uour Reh r yst lIh•x aoe 290

Hordrmss

80 1 __ - * 70

Soaged I-Hour, Anneoling Thmpaoolre,F

FIGURE A- 100. RECRYSTALLIZATION BEHAVIOR OF EXTRUDED (-4:1) AND
SWAGED (-85 PER GENT) F-50 BAR(!)
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Cb-20W- lZr

1. Identification of Material

a. Designation: AS-30 (General Electric)

b. Chemica.s u:mp-sition: nominal analyses(l)

Element Weight Per Cent

W 19-21

Zr 0.8-1.0
C 0.08-0. 10
0 0.03 max.

N 0. 03 max.

Gb Balance

c. Forms available: ingot and fabricated shapes on a best efforts basis

2. Physical Properties

a. Density: 0. 347 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A- 119

Tensile yield strength: Table A- 119

Elongation: Table A-119

Reduction in area: Table A- 119

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A- 120

Tensile yield strength: Table A- 120

Elongation: Table A- 120

Reduction in area: Table A- 120

c. Creep and Stress-Rupture Properties

Figure A- 101
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TABLE A-119. ROOM-TEMPERATURE TENSILE PROPERTIES OF STRESS-RELIEVED AS-30(a)(1)

Yield Strength

Tensile Strength, (0.2o6 Offset), Elongation. Reduction in, Area,

1000 psi 1000 psi per cent per cent

171.5 143.0 21 60

(a) Stress relieved at 2000 F after 90 per cent warm work. Test rate 0.005 inch per inch per minute.

Analyses 19.,Tlo W, 0.9YiPo Zr, 0.0950°]o C. 0.0.20°1o 0, 0.0291F/o N, and 0.0001% 1-1.

TABLE A -120. FFFFCT OF TEMPERATURE ON T14E TENSILE PROPERTIES OF STRESS-RELIEVED AS-30(a(1)

Yield Strength
Temperature, Tensile Strength. (0.216 Offset), Elongation, Reduction in Area,

F 1000 psi 1000 psi per cent per cent

RT 171.5 143.0 21 60

1600 101.3 92.2 12 68

2000 85.0 81.1 13 75

2200 71.9 67.1 17 87

(a) Stress relieved at 2000 F after 90 per cent warm work. Test rate 0.006 inch per inch per minute.

Analyses 1l.37 W, 0.90yo Zr, 0.C9505o C, 0.0129fro 0. 0.02907. N. and 0.000119. H.
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100 10'- hour lifL

so 2000F2200 F 2400F 2600 F

60 I

50-
o

oo P = T (15 + log t) 16 I[)3 ,

It t t

15- 1800 F 2000 F 2200 F 2400 F100 - hour life
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p A-4•5752

]FIGURE A- i01. STRESS- RUPTURE PROPERTIES OF AS- 30 (1)

Analyses 19. 380 W0 0. 96% Zr, 0. CFS0% C,
0.A0s10% 0, 0. Z90% N, and

0. 0001% H.
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4. Metallurgical Properties

a. Fabricability: extrusion temperatures range from Z500 to 3000 F depending
upnn the reduction ratio desired; following extrusion, standard
L tecnliques for rolling or forging bar or sheet can be employed;
processing temperatures should be kept high enough to avoid ex-
cessive cold working, but sufficiently low to take full advantage
of -arbiouo. Ire.zipitation during secondary wo -king.

b. Transition temperature: <RT(1)

c. Stress-relief temperature: 1 hour at 2000 F for material warm worked 90 per
cent(l)



A-219 and A-220

Reference

"(1) "Recent General Electric Company Developments in Columbium-Base Alloys",
Materials --nd Procesors, Appli W- Research Operation, Flight Propulsion Labora-

tory Department, General Electric Co. (February, 1962).



A-221

Cb-20W- lOT i-6Mo

1. Identification of Material

a. Designation: D-41 (Du Pont)

b. Chn'lica con1.p 'tJ.t: ')ia l.e, A... 12.1

c. Forms available: ingot and fabricated shapes on a best efforts basis

TABLE A-121. CHEMICAL ANALYSIS OF ARC-MELTED D-41 INGOT AS DETERMINED

BY FOUR IABORATORIES(I)

Weight Per Cent PPM
Laboratory Val ie(a) W Mo Ti C 0 N I

I X 1. 07 6.44 8.87 .087'0 112 47 2

R .05 .03 0.29 0. 140 22 8 0

N 3 3 3 2 2

X 20.48 6. 3 9.05 .087 170 35 5.4
R ....... .......- -

N [ 1 I I I 1 l

"3 X 20.96 6.55 9.15 .083 150 86 15

R 0.25 .09 .06 .00 20 3 2
N 3 3 3 2 2 2 2

3 X 21.30 6.37 9.04 .... 21
It 0.85 0.130 0,52 .. 3

N 10 10 10 . . 2

4 X 20.77 7.05 9.00 .09 260 10 4

R 0.15 .03 -- 0 .....

N 2 2 1 2 i

4 K 20,8 -- 9.0 -- 160 ....

R -.-..... 40 ....

N I -- 1 -- 3

(a) X = arithmetic mean

R = range
N number of determninationr
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2. Physical Properties

a. Density: 0.32 lb/in. 3

3. Mechanical Properties

a. Tensile Properties at Room Temnperature

Ultijna te tensixe.(! strength: Table s A - 12 and A- 123

Tensile yield strength: Table A-123

Elongation: Tables A-122 and A-123

Reduction in area: Table A-123

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-i23 and A-l25

Tensile yield strength: Tables A-IZ4 and A-l25

Elongation: Tables A-124 and A-125

Reduction in area: Tables A-124 and A-125

c. Creep and Stress-Rupture Prop-rties

Tables A-l26 and A-127
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TABLE A-122. ROOM-TEMPERATURE TENSILE PROPERTIES OF D-'41 EXTRUSIONS

Tensile

Strength, Elongation,
Condition 1000 psi per cent Reference

As extruded ('tl1)(a) 125 10 (3)

As extruded (6:1)(b) 136 -- (3)

Extruded, I ]ir 27u11 F 119.3(T) -- (1)

(a) Test rate 0. 05 inch per Inch inor nnins Ic.

(b) Test rate 0.0617 inclh per inch per mninnte.

"IABLE A-123. R)OM-TEMPERATI IRE TENSILE IPROPERT'IIES OF ANNEALED D-41 UPSET FORGINGS(a)(!)

Forging Upset Tensile Yield Strength ILednetion
TonIperature, Reduction, Strength, (0. 2qo Offset), Elougation, in Area,

F pun tClit 1000 psi 1000 psi per cent per cent

'23•0 521 124.0 -- Broke into 4 pieces
2500 5,4 133.1 124.5 Broke into 3 pieces

2 7 0 0 (b) 48 125..1 -- Broke into 3 pieces

2300 '72 134.2 126.4 3 3

2500 72 132. G 125.5 4 3
2700(B1) 71 112.5 -- Broke into 3 pieces

(a) Annealed . hour at 2.1,00 F.
(b) Annealed 1/2 hour at 1400 F prior to testing.



A-224

TABLE A-124. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES OF D-41 EXTRUSIONS•
3

Tensile yield Reduction

Temperature. Strength, Strength, Elongation, in Area,
F 1.n n ...' .,,.,,, .. .. . . . ... .

As Extruded (4:11(a)

RT 12 - ---

-000 56.5 53.0 26 57

As Extruded (6:1)(b)

RT 136 ...--.

200 122 ......

400 107 ......

600 88 ......

800 88 .....

1000 52.5 .. -..

1200 82.5 ......

1400 73,5 ......

1600 68 ......

1800 59.5 .....

2000 45 ......

Extruded (6:1), Recrystallized I Hour at 2400 F(h)

4to00 V9 05 i 0 10
600 87.5 '18 28.5 62

800 8l 69 29 WI69

1000 8b 65 21 67

1200 81 61.5 20 "8
1400 81 01..5 17.5 54

1600 72 57 15 37

1800 53.5 48 11 28

2000 49 45.5 i5 Lo

(a) Test rate 0.05 inc per rinch per minute.

(b) Test rate 0. 067 inch per inch per minute.

TABLE A-125. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF UPSET FORGED AND ANNEALED D-41(aXI)

Tensile Yield Strength Reduction

Temperature, Strength, (0. 25o Offset), Elongation, in Area, 8

F 1000 psi 1000 psi per cent per cent

1000 94.0 70.0 20 63

2000 45.8 -- 16 2d

2300 25.0 -- 12 21
2600 21.4 -- 30 70

(a) Forged 75 per cent at 2500 F. annealed 1 hour at 2500 F.
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TABLE A- 126. ST'RFSS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED D-41(aX1)

.lpure E~Eonga:ion ir. ReducdIua

Temperature, Stress. Life, 1/2 Inch, in Area,

F 1000 psi hours per cent per cent

2000 33 0.3 12 14

29 0.3 18 17
25 0.8 15 18

17 13.0 16 17

2300 24 0.1 8 24

18 0.8 20 29

12 6.4 20 34

2600 12 0.2 25 25

9 0.7 32 23

6 3.8 36 36

(a) Forged q5 per cent at 2500 F, annealed 1 hour at 2500 F.

TABLE A-127. STRESS-RUPTURE PROPERTIES OF D-41 BAR TERTED IN

VACUUM AND AIR Ar 2000 F(
3
)

Rupture

Stress, Life, Elongation,

1000 psi hour per cteit

Extruded (8:1) and Swaged Bar Tested in Vacuums.

40 0.5 20

30 5.5 25
30 6, 1 25

25 21.1 25

20 52.9 21

Exruded and Coated Bar Tested in A:-(')

30 1.8 1.7

25 29 2.4
23 73 5.2

20 130 7.6

20 148 8.9

(a) Annealed 1 hour at 2000 F.
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4. Metallurgical Properties

a. Fabricability: can be extruded, forged, and swaged at temperatures above
the recrystallization temperature; large forging reductions

are readily possible at 2500 F(l)

h, Tvrnnsltinn tompnsrnturp. ~-RT1 fnr ~ *,

c. Recrystallization temperature: 1 hour at 2400 F(3), I hour at .500 F'(2);
effect of annealing temperature on
recrystallization and hardness of
extrusion given below(1 )

Temperature, Rec rystallization, Hardness,
F per cent VHN

As extruded 0 326
2400 30 316
2500 60 313
ZAOff 9f 269

2700 100 323
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Cb-.5V-5Mo- lZr

1. Identification of Material

a. Designation: B-66 (Westinghouse)

b. (- ,:.i:?.• c .. ,... .. . pical analyses are given below(i1

Composition, weight per cent
Element Range Nominal

V 4.5-5.5 5.0.

Mo 4.5-5.5 5.0
Zr 0.85-1.3 1.0
0 0.030 max 0.012
N 0.020 max 0.006
C 0.0 0 max 0.006
Cb Remainder Remainder

c. Forms available: plate, sheet, strip, foil, bar, wire, forgings, and
extrusions(l)

2, Physical Properties

a. Melting point: 4300 F(1)

b. Density: 0. 305 lb/in. 3

C. Thermal expansion: Table A- 128

d. Electrical resistivity: 10.9 rnicrohni-cn at -320 F; ZZ. 0 mnicrohni-cm at RT;
and 24.9 microh.n-crn at 210 F(G)

TAIILE A - 128. COEFFICIENT OF THERMAL EXPANSION

OF B-66(0)

T c m p eratu r e C ue f ficicn t of i h e fm ana l 1 1

S F 1.-6 I. /in./GC o0- ;i/In./F

2b-260 80-500 7.24 4.02

25-540 80-1000 7.42 4.12
25-815 80-1500 7.70 4,27

YsI`-c'j 80-2000 8.15 41. 52
25-1305 P.0-2500 8.42 4.73
2b-1650 80-3000 8.77 4.87

25-1925 80-3500 8.94 4.96
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-129 through A-132

Tensile yield strength: Tables A-129 through A-132

l.iongation: Tables A-129 through A-I ;2

Reduction in area: Tables A-129 through A-130

Modulus of elasticity: 14. 8 x 106 psi(Z)

15.31 x 106 psi"

Table A-132

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-133 through A-137

Tensile yield strength: Tables A-133 through A-137

Elongation: Tables A-133 through A-137

Reduction in area: Table A-133

Modulus of elasticity: Tables A-137 and A-138

c. Creep and Stress-Rupture Properties

Table A-139
Figure A-102

d. Other Selected Mechanical Properties

Hardness: for various conditions see below(1)

Vickers, Rockwell
Condition DPH B C

As rolled 325 -- 35
Stress relieved 1 hr 2000 F 260 -- 20
Recrystallized 1 hr 2500 F 230 90 --

Bend ductility: for stress-relieved (1 hour 2000 F) sheet(l)

Temperature, Minimum Bend

F Radius, T

80 1
-320 1
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TABLE A '129, SOME SELECTED ROOM-Tt'rMPERATIPF T'PiISUJ' PROPERTTF• 21:-

T nsile Yield Strength Reduction
Strength, (02. % Offset), Elongation, in Area,

Condition 1000 psi 1000 psi per cent per cent Reference

Stress-relieved material (1 hr 115.5 95.0 20 (2)
1200-2000 17)(a)

Recrystallized material (I hr 2500 F)(a) I01.5 76.6 26 -- (3)

Recrystallized material ( I hr 2500 F)(b) 107.0 86.6 23 -- (2)

Sheet (0. 040 inch)(c) 99 74 24 - - (4)

Extruded, fuigud, and stress-reliceved 111.4 87.6 31.4 65.6 (5)

material (1 hr 2000 P)

Extruded, forged, and recrystallized 113.4 77.,Z5 16.6 14.3 (5)

material (I hr 3270 F)

(a) Test rate 0.05 inch per inch per minute.

(b) Test rate 0. 005 inch per inch per minute through 0.6 per cent yield, then 0.05 inch per Inch per mlinute

to fracture.
Cc) Test rate 0.05 inch per mifliute crosshcad speed.

"T'ABLE A -130. IROOM-TEI'MPERATURE TENSILE PROPERTIEII S O0 B-66 EXTRUDED
TIE. 0LANKS(a)(6)

Yield Strength Elongation Reduction
"lensile Strength, (0.2% Offset), In 4D, in Area,

Goandtioni 1000 psi 1000 psi per cent per cent

As extruded 109.2 84.5 23 45
109. 6 86.2 28 51

Annealed I ]hr 2200 F 98.5 77.3 30 71
100,8 78.9 30 79

Annealed 2 hr 2600 F 93.8 74.3 30 72
94.6 7b. 7 34 70

(a) Test rate 0. u05 inch per inch per minute to yield, then 0.05 Inch pet inch pen minute to

failure.
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TABLE A-131. ROOM -TEMPERATURE TENSILE PROPERTIES OF B-66 REROLL FOIL STOCK AND FINISHED FOIL(a)(7)

Yield Strength Elongation

Coil Recrystallization, ASTM Grain Test Ii -siile Strength, (0. 2% Offset). in 2 Inches.

1d-t:f;zaP "f. Gave- i-ob 'mr '---, uire- on 1000 psi I( 0. psi |;ell,

Retoll Foil Stock

66-2. -3 0.050 90 7.5 L 109.1 77.8 26.5

T 112.5 82.0 '1.2

66-4 0.050 100 7.5 L 100.1 75.1 20.7

T 103.0 77.8 21.5

66-5, -6 0,050 70 9.5 L 109.5 87.3 17.7
T 111.3 89.7 12.0

Finished Foil

66-6 0.010 100 8.5 L 108.6 82.0 21.1

T 110.5 80.1 24.0

66-2 0. 006 100 9.0 I, 100.0 76.5 22.5

T 10 .0 79.0 23.5

66-3 O.006 100 0.0 11 10a..3 77.4 22.0
T 101.0 78.0 15. 0

66-5 0.006 100 8.5 L 103.3 78.6 16.0

T 108.4 79.5 21.7

46 dug 110. 5 86.2 27. b

66-1 0.002 100 8.5 1, 132,0 109.5 19.7

(a) Test rate 0,005 inch per inch per minute to 0.2 per cent yield. then 0.015 Inch per Inch per minute to failure. Analyses

are as follows:

Coil Weight Per Cent PPM

Identification Gage, inch Mo V Zr 0 N C H

Rcroll Foil Stock

66-2, -3 0.050 5.1 515 1,04 210 222 105 <5

66-4 0.050 5.1 5.1 1.1 300 112 120 <10

66-5, -6 0.050 b.1 4.7 1.0 160 138 105 <10

Finished Foil

66-6 0.010 .. .. .. 285 174 135 <10
66-2 0.006 .. .. .. 80 65 145 <10

66-3 0.006 .. .. .. 120 3c) 70 <10

6 6 - 5 0 . 0 0 6 . . . . . . 3 4 5 7 9 6 5 < 1 0
66-5 0.002 .. .. .. 250 139 250 <"
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TABLE A -132. AVERAGE ROOM -TEMPERATURE TENSILE PROPERTIES OF B-66 FOIL(a)(8)

Tensile Yield Elongation Modulus of
Thickness, Test Strength, Strength, in 2 Inches, Elasticity,

mils Direction 1000 psi 1000 psi per cent 106 psi

2 L 126.1 10q. 3 15.1 14.2

6 L 105.0 84.7 21.1 15.9

6 T 104.9 84.3 23,4 15.3
10 L 104.6 82.4 24.5 15.4

(a) Average Of 5 tests. Test rate 0.004 inch per inch per minute to O. b per cent offset,

then 0. 04 inch per inch per minute to failure.

TABLE A-133. EFFECT OF TEMPERATURE ON TIHE TENSILE PROFZRTIES OF ARC-GAST, EXTRUED., ANT)
FORGED B-C60")

1-Hour Annealing Tensile Yield Strength Elongation, Reduction
Teemnperattre, Treatment, Strength, (0.2r/0 Offset), per cent in Area,

F F 1000 psi 1000 psi Uniform Total per cent

75 2000 111.4 87.6 19.2 31.4 65.6
3210 113.4 77.25 0 16.6 14.3

1800 2000 70.0 65.4 2.3 36.7 60.3

2000 2000 53.4 45.8 1.5 37.5 77.0

2200 2000 41.74 37.8 1.6 36.2 78.2
3270 40.5 39.2 0.7 3.8 9.9

2400 2000 28.0 23.5 1.8 57.0 91.3
3270 25.7 23.9 0.7 8.2 9.9
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"OBLE A-1344 . [ .',z; .OF 1,.vI'I''l:YUAR: ON f'L"I 'I U5II.E PRF.PTIES

0.q B-66 SHEET LI. 14.0 INCi) AS "ICISRMINED BY TWO

LA 1ORA TORIES (a) (4)

Tensile Strength, Yield Strength, Elongation,

Temperatire. F 1000 psi 1000 psi per cent

Westinghouse

75 99 74 24

2000 52 44 30

2200 39 36 54

24U0 26 26 67l

26O o 20 20 44

Do Pont

2000 50 ,40 30

2200 35.9 32.9 55

2400 25.4 25.4 74

(a) Iest rate 0.05 inch per minute crosshcad speed.

TABLE A- 135. EFFECT OF TEMPERATURE ON TIlE TENSILE PROPERTIES
OP RECRYSTALLIZED 8-66 iN ARGON TESTED AT A

FAST STRAIN RATE(a)(3)

Yield Strength Elongation

Tensile Strength, (0.2% Offset), In I Inch,
Temperature, F 1000 psi 1000 psi per cent

2000 55.1 42.6 17.5
2200 44.4 38.2 21.0

2400 35.9 34.8 16.0

2600 26.9 29.3 31.0

2800 19.3 18.1 40.0

(a) Recrystallized 1 hour at 2600 F, approximately 50 microns of argon. Test
rate 0.28 inch per inch per minute.
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TABLE A-I13. TYPICAL TENSILE PROPERTIES OF STEES4-RELIEVFD AND PRCRYSTALL1ZED 0-60 2)

Tensile Strenogth. 1000 psl Yield Strength (0.2?Offsest1 1000 Psi Elonuation in I Inch, per metn
0.005 In. /In. ll/Oi 0.005 In. An. l/mi 0.005 in. Au. /Min

Through 0.6% Through 0.6% Through 0.86%
Yield. Then Yield. Then Yield. Then

Ternperrxt.e. 0.05 In.AIra./MIn 0.05 In.//i./ /lMn 0.05 I./In.A./MIn 0.065 I. An., in 0.06 In.A-/I./Min 0.05 In. An.lmlI.
F Throughont to Fracture Throughout to Fbactuee Thoughout to Fracture

Strees lIeLoved I Hoar am 1800 to 2000 F

-320 1875.0 " 102.9 -- 13 --

-200 149.8 127.2 "" 2-1
0T 110.0 - 905.0 " 200

2000 48.5 42.0 -" 41 -"
2200 to 3050 Above roerystallizatlon erperauLo, use data below

RcRys,•-lII1d I H1our at 2600 F

-320 1!15. 164.4 "7
-200 144.8 -. 120.3 28 ="
RT 102,0 107.0 77.0 80,0 33 23

600 to 1000 15.0 - GO.C -- 24 --

2000 .2.0 46. 2, ,2. 309.7 32 48
2200 38,0 39. 5 34.0 33.4 07 53
2400 2(;. - 2G.0 81
2o00 22.2 -- 21. G -G
2000 21.0 -" 20.0 -- 66 --
210 0- 15.7 -- 16.4 -- 48
3000 0.4 - 8.4 -- 40
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TA.ELE A -13' EFFECT ZTR.AN FATR fnr1, r. ....
'.2K:,riTALMLZD B-66 .A. AIGO3, TESTED AT 2000 F(a)(2)

Yield Strength Elongation Modiull's ofStrain Rate. 'I ensile Strength, (0.2% Offset), in 2 Inches, Elasticity,
in. /in. /min 1000 psi 1000 psi per cent 106 psi

.004 43.0 35.0 6.5 12.2

.026 44.1 33.0 5.0 12.1
.045 47.8 37.4 12.0 13.1
.200 56.9 42.3 17.0 14.8

(a) Rectystallized 1 hour at 2500 F, approximately 50 microns of argon.

TABLE A-138. EFFECT OF TEMPERATURE

ON ITIHI MODULUS OF
ELASTICITY OF 11-6g(2)

Modulus of
Elasticity,

106 psi
Temperature, F (a) (h)

75 14.6
1800 --. .

2000 11.8 15.5
2200 13.5
2400 - 13.5
2500 7.8 --
2600 -- 11.5
2690 4.6 --
2800 -- 10.0
3000 4.8 --

(a) Test rate 0.005 inch per inch per
minute through 0.2 per cent yield,
then 0.05 inch per lneh per mi.--

(b) Test rate 0.24 inch per inch per
minute.
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TABLE A-139. CREEP AND STRESS-RUPTURE BEHAVIOR OF RECRYSTALLIZED

B-66 SHEET (0.040 INCII) IN ARGON(a)(2)

Temperature, Stress. Secondary Creep Rate. Rupture TlrVie

Min

'00o 46.4 0. i53 G 24
47.4 0.166 0 68

45.2 d.UG7 0 48
44.0 0.0087 7 29

40.u 0.0051 4 50

35.2 0.004 13 i t

34.2 0.0017 22 52
29.2 0.00001 54 12

2200 37.3 0.071 2 38

32.2 0.0398 2 17
27.3 0.00,19 6 4

20.0 0.0043 21 10

23.6 0.0017 2C 4I,4

19.7 0.00098 27 50

240,) 29.7 0.192 0 33
25.9 0. 030 I V5

18.1 0.0038 37 54

12.,I 0.0014 52 20
10.3 0.0011 46 40

9.6 0. 0006 61 5 L(
b
)

2630 21.4 0.237 0 18
21.1 0.172 0 ,2
17.6 0.039 2 411
12.1 0.008 9 I0
7.0 0.0022 43 32
3.7 0.0012 51 7 (b)

2800 17.0 0.37 0 36

15.3 0. 16 1 18
13.0 0.001 1 24

6.6 0.015 15 10

4.4 0.0046 30 3 0 (b)

1.7 0.0029 60 0(b)

3000 17.0 0.5 0 15

15.2 0.35 0 16

13.0 o. 17 0 36
8.6 0.105 0 54

7.9 0.051 2 19
4.6 0.021 9 42

2.9 0.0122 9 27
0.92 0.0912 29? 8

(a) Recrystallized I hour at 2500 F. approximately 51 microns of argon.

(b) Test discontinued.
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40

30

L on 2200 -----8 : 20 - -

-! .
0.2 0.3 0.4 0.50.60.70.80.91 1.5 2 3 4 5 6 7 8 910

Rupture Time, hours A-15753

FIGURE A-I02. STRE.SS-RUPTURE OF B-66 AT ZZO0 AND Z600 Y(l)

Nominal analyses 5. 0% V, 5.0% Mo, 1.0% Zr,
0. 012% 0, 0.006% N, and

0, 006% C.
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4. Metallurgical Properties

a. Fabricability: arc-cast ingots can be successfully extruded to sheet bar at
2500 to 3u000 F; subsequent rolling to plate can be performed
at 2010 to 2190 F( 9 ); highly foimable alloy which can be punched,
blanked, or sheared at room temperature without edge cracking;
ýn.-r:%t!Onn -_.o -_• b::L-g rake a'~hg ,•,:{. . J am

spa iný o, can be performed o÷. -,oi i':' tr::nperature, it'.:ioc:.gh they

can be accomplished with greater ease at slightly elevated
temperatures )

b. Transition temperature: <-320 F(l)

c. Recrystallization temperature: Table A-140

TABLE A- 140. RECRYSTALUZATION BEIIAVIOR OF B-66(2)

Annealing 35 to 40 Per Gent Cold Work 85 to 90 Per Cent (;old Work

Telnperature, Hardness, Recrystalllzatioll, luardiless, Recrystahlization,
p DPI I per cent DPIi per cent

RT 300-310 0 320-325 0
IHO .... 275,-280 )
2000 252 0 230 85-91)

2200 249 5 228 95

2,100 235 9b ....
2A00 .... 228 I00

2000 227 .....
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